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NOTICES

This report was prepared as an account of Government sponsored
work. Neither the United States nor the National Aeronautics
and Space Administration (NASA), nor any person acting on
behalf of NASA:

A) Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the informa tion contained in this report, or that the
use of any information, apparatus, method, or process
disclosed in this report may not infringe privately-owned
rights; or

B) Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method or process disclosed in thils report.

As used above, "person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor,
to the extent that such employee or contractor of NASA or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment
or contract with NASA, or his employment with such contractor.
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Coples of this report can be obtained from:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Washington 25, D.C.
Attention: AFSS-A
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I. INTRODUCTION

The proposed use of storable rocket propellants for many space
missions suggests the possibility of their utilization in a fuel
cell to produce electrical energy.

A fuel cell using storable rocket propellants has the important
edvantage over the more conventional hydrogen-oxygen cell of
eliminating the necessity for cryogenic facilities. Thus, problems
of supply, storage, and handling are simplified or elimirm ted.

A. OBJECTIVE

The objective of this work was to perform|a feasibility study of
hydrazine-type fuels and dinitrogen tetroxide (N20.) or chlorine
trifluaride (C1lFs) oxidants for use in fuel cells. ; This was a
preliminary investigation whose ultimate aim was to develop a

fuel cell design that would operate relatively efficiently on a
varilety of storable rocket propellants suc as may be used in space
missions in the future. The work was conducted by combining
theoretical and analytical studies with planned experimentation.

The literature provides free energy data from which the reversible
potential of the oxidant and fuel electrode can be estimated. Also,
the reversible energy-to-weight ratio for a given oxidant-reductant
system can be calculated. Therefore, upper limits of performance
can be predicted. The purpose of calculating the theoretical per-
formance of fuel cells was threefold:

1. To provide a basis for comparing and choosing systems
for study.

2. To provide a measure of our state of sophistication in
building cells and predicting thelr performance.

3. To indicate areas where the mechanisms are not well
understood so as to provide a scope for future inves-
- tigations.

The theoretical calculations are, of course, valid only for the
speclific reversible reaction postulated.

The experimentation both in half cells and in full cells establishes

the actual performance of the electrodes, the types of reactions

taking place, and the extent of the various types of polarization
(activation, concentration, and IR drop). The catalytic properties

of the electrolytes and the stability of catalysts under different loads
In the presence of different electrolytes can only be determined
experimen tally.



B. SCOPE OF THIS REPORT

Theoretical studies were made of the thermodynamic properties of the
fuel cell systems under study. The potentials and energy density for
the most probable reactions were calculated. The heat absorbed or
evolved during the reversible operation of a fuel cell was calculated.
Such data provide a base from which the theoretical performance of the
various proposed systems can be defined.

This report contains the following experimental data:

® Polarization Studies

-- The anodic oxidation of hydrazine and its derivatives in acid,
basic, and neutral aqueous el ectrolytes, in anhydrous hydrogen
fluoride systems, and in nonaqueous organic systems.

-~ The cathodic reduction of nitric acid and dinitrogen tetroxide
in aqueous media, the cathodic reduction of dinitrogen
tetroxide 1n anhydrous hydrogen fluoride and in nonaqueous
organic solvents, and the cathodic reduction of chlorine
trifluoride in anhydrous hydrogen fluoride systems.

-- The construction and use of vapor transport electrodes for
the oxidation of hydrazine.

® Full Cell Operation

-- The construction and demonstration of the hydrazine-nitric
acld and the hydrazine-dinitrogen tetroxide fuel cells.




IT. SUMMARY

A. THERMODYNAMIC CALCULATIONS

The thermodynamic properties of storable propellants and the

products of reaction were calculated for 25°C and 90°C. These
properties (tabulated in Tables 1, 2, and 3 in Section IV)

permit calculation of the reversible performance of selected electro-
chemlcal reactions in terms of voltage, energy per pound,

reversible heat effects, and temperature sensitivity (Tables

\

4 and 5, Section IV).

Thermodynamic calculations have shown that a number of the fuel/
pxidant systems investigated under this contract are endothermic
when the electrochemical operations occur reversibly. Thus,
hydrazine-dintrogen tetroxide fuel cell systems, performing rever-
sibly at 90°C, require that heat energy be supplied to the cell
equivalent to 36% of the power output. Also, if certain fuels
such as monomethylhydrazine (MMH), unsymmetrical dimethylhydrazine
(UDMH), methanol, and propane can be reformed with water to

yleld hydrogen, the total operation, reforming plus using the
hydrogen reversibly in a complete cell with nitric acid or di-
nitrogen tetroxide, will yield endothermic heat effects equal

to 22-35% of the power output.

The endothermic property of those systems make them attractive
for use in space vehicles where elimination of heat presents a
problem and limits the module size of intrinsically exothermic
fuel cell systems such as the hydrogen-oxygen system. An endo-
thermic fuel cell also raises the possibility of using the cell
as an electrochemical heat pump to absorb heat (T A S) at the
capsule temperature and reject the heat by radiation from a
tungsten filament (5000°C) outside the capsule. Another
contribution of thermodynamic calculations is the identification
of phenomena that may contribute to energy loss.

Voltage losses due to the use of aqueous hydrazine (instead of pure
hydrazine) and to the dissociation of nitrogen tetroxide (N2Os =
2NOz) are negligible (1 to 2%). However, the voltage loss due to
the spontaneous thermal decomposition of hydrazine (NaHs—2Ho»

+ Nz2) prior to the electrochemical reaction is not negligible and
results in a loss of 0O.44 volt from a possible 1.%47 volts. A
system that prevents this spontaneous decomposition, therefore,

has a significant advantage (0.%4% volt) over one in which the
spontaneous decomposition takes place.




If a full cell is constructed such that a pH difference exists across
an ion exchange membrane, this pH difference will not contribute

to the full cell potential if the current is carried only by the

Ht or the OH™ ion. If ions other than those responsible for the pH
difference carry the current, then the pH difference and the
difference in chemical potential across the separator of the

current carprying ions will contribute to the full-cell potential.

B. AQUEOUS SYSTEMS

1. Half-Cell Studies

a. Polarization Tests

NoHs was found to be an excellent fuel in terms of electrochemdical
oxidation for short-term polarization tests. The fuel performed
best in base with electroplated rhodium catalysts or chemically
precipitated rhodium and ruthenium catalysts. In 5M HzPO4
electrolyte, chemically precipitated ruthenium catalysts proved
superior. - _ '

Neither MMH nor UDMH showed promise as electrochemical fuels. MMH
was better than UDMH. Polarization of 0.3 volt to 0.5 volt at
50 to 100 ma/cm2, respectively, were found at 80°C in acid electrolyte.

HNOsz, either as IM solution in 5M HzSO4 or 5M solution, was an
excellent electrochemical oxidant in terms of polarization curves.
For a cathodic current of 100 ma/cm2, 0.20 volt polarization at 30°C
and less than 0.10 volt at 90°C were found using a variety of '
catalyst/substrate systems. Uncatalyzed carbon (Pure Carbon porous
FC-13% or -14) worked nearly as well as catalyzed electrodes and
proved to be stable in up to 0.5M NpHs at 90°C.

Nz04. showed promise as a source of HNOs, as an agueous sclution of
N20s, or as a gas electrode, in various electrolytes. For low
temperature work aqueous Nz2Os tested better than HNOs at low Ht
concentration. With gaseous NzOs as oxidant on an uncatalyzed

porous carbon electrode, currents of over 100 ma/cm? could be obtained
without severe polarization at 30°C and 60°C.




b. Stability Tests

The electrochemical oxidation of NpoHs was found to be unstable

in long-term tests with most catalyst/electrode systems in either
acid or base. For all electroplated catalyst/substrate systems,
rapid deterioration occurred within 24 hours at either 30°C or 90°C.
The 90°C results were better than those at 30°C. However,
chemically precipitated catalysts gave significantly better results,
and Ir (32%)-Ru(68%) at 30°C in 1M KOH and 1M NpH., showed less
than 0.1 volt deterioration over a 700-hour period. At 90°C in

1M KOH and 1M NzHs the Ir-Ru catalyst deteriorated 0.2 volt after
300 hours, and a Ru catalyst in 3M NpHs and 1M KOH started at a
better potential and lasted over 300 hours, with a linear
deterioration before reaching 0.2 volt polarization.

In 5M HzPO., 1M NoHs was not satisfactory in long-term tests. At
90°C, using chemically precipitated ruthenium catalysts in 2M

NoHs and 5M HzPO4, a quick initial polarization of 0.1 volt occurred;
thereafter, negligible polarization took place for over 600 hours.

MMH and UDMH rapidly deteriorated under long-term electro-
oxidation regardless of catalyst.

5M HNOs with Au/SS (stainless steel) catalyst at 30°C showed no
deterioration in potential after: 1000 hours of continuous operation
at 100 ma/cm?2.

¢. Mechanism Tests

N2Hs was found to be oxidized exclusively to Nz in either acid or
basic electrolyte within limits of experimental error.

MMH was found to be oxidized to CH30H and Nz in 5M HsPO4, with a
small amount of CHsOH further oxidized.

UDMH was found to be oxidized to Nz by a four-electron reaction in

5M HaPOs. In 5M H»S04 a mixture of products appeared; initially

a two-electron rea tion probably produced a tetrazine, and as
deterioration of potentlal occurred, a mixed reaction producing some
N2 was found. The maximum electron change was about three for overall
tests when the electrode failed.

HNOs, as either 5M HNOs, or as 1M HNOs in 5M H2SO4., produced NO
nearly exclusively. At 30°C a small amount of N» was produced

at Au/C electrodes. At 90°C some N204 was produced initially,

but NO was the only product after reaching steady state conditions.



2. Full Cell Studies

Full cell studies demonstrated the feasibility of using hydrazine
and monomethylhydrazine as fuels, and HNOs, N204, and Hz0z as
oxldants. The eectrolytes conslsted of 5M H»S04, 5M HaPO4 and KOH.
Porous Teflon or Teflon-impregnated glass* vapor diffusion elec-
trodes were demonstrated for both fuels and oxidants in comblnation
with the above electrolytes.

A full cell was constructed using two poroug*Teflon electrodes
pressed against a catlion exchange membrane. = This Céll.deliygged
1.1 volts at 25°C, 1 atmosphere and 17.5 ma/cm2 for 30 hours. .= _The
IR free voltage was 1.4 volts. This type of electrode construction
appears to be stable. Feasibility of using MMH directly at this
anode was also demonstrated. A material balance indieated that

NoHst was the current carrying species when a cation exchange
membrane was used, which accounts in part for the high open-circuilt
potential. Advantages of the porous Teflon electrode in combination
with an ion exchange membrane are the virtual absence of spontaneous
decomposition of reactants (allowin storage of the concentrated
reactant in contact with the Teflon% and the elimination of reactant
feeding problems. The possibllity also existsof limiting the

ionic speciles to HV if hydrogen is the fuel or OH~ if Hz0z is the
oxidant, thus minimizing waste of reactants due to diffusion.

C. NONAQUEOUS SYSTEMS

1. Polarization Studies

The anodic oxidation of hydrazine dihydrogen fluoride (HDHF) {NpH4.2HF)
and the .cathodic reduction of chlorine. trifluocride (CTF)-have been
demonstrated in anhydrous nydrogen tluoride (AFF) and in AHF-KF
melts. Current densities up to 5 ma/cm2 were attained at carbon
anodes in 1M HDHF in AHF at 0.5 volt polarization and at 3°C.
Current densities of 20 ma/cm® were attained during the cathodic
reduction of CTF in AHF at 3°C. Current densities as high as

100 ma/cm2 were attained during the cathodic reduction of 1.0M
dinitrogen tetroxide (N204) at ruthenized platinum electrodes

in AHF, but potentials were too low to be of interest. Current
densities up to 100 ma/cm2 were attained at anodes in contact with
1M HDHF in a molten solution of KF.3HF at 85°C and at anodic
polarization of 0.5 volt. Cathodic current densities of 5 ma/cm2
were demonstrated in the same electrolyte at 85°C and at the same
polarization.

*A Pall membrane, which is a Teflon-impregnated porous glass material.

**Tonics, Inc. Cation exchange membrane 61 AZL-183, 85% NoH4-H20 fuel -
70% HNOs Oxidant

X¥** mest arbitrarily terminated after 30 hours.




2. Reactant Compatibility

Upper compatibility limits for solutions of hydrazine and chlorine
trifluoride in anhydrous hydrogen fluoride were established.

Solutions of these reactants in concentrations greater than 1 molar

of oxidant or reductant reacted violently. Below this concentration,
although there may be some reaction, it should be possible to design

a cell with an efficient separator to prevent excessive heat generation
due to chemical mixing.

5. Reference Electrodes in Anhydrous Hydrogen Fluoride

The silver, cadmium, and lead fluoride electrodes and the
palladium-hydrogen reference electrode were constructed, and relative
potentia ls were assigned in anhydrous hydrogen fluoride in 0.5M
sodium fluoride at 3°C, and also in the composition KF.3HF at 85°C.
(Table 34 and 35).

4. Organic Solvents

The anhydrous organic solvents, acetonitrile (AN), N,N-dimethyl-
formamide (DMF), propylene carbonate, and pyridine, were investigated
for the cathodic reduction of Nz04, and for the oxidation of HDHF

wit h magnesium perchlorate, potassium thiocyanate, and tetramethyl
ammonium chloride as conducting salts. The best combination

of solvent and electrolyte for the anodic oxidation of hydrazine

was DMF with tetramethyl ammonium chloride, which was used with

a platinized steel electrode to give a current density of 10 ma/cm2
at a polarization of 0.5 volt.

The best organic solvent for the cathodic reduction of N204 was AN

with an electrolyte of magnesium perchlorate. This combination resulted
in a cathodic current . density of 70 ma/cm2 at 0.5 volt polarization

at the platinized sSteel electrode.

5. Solid Palladium Anode

A hydrazine solid palladium electrode was demonstrated as an anode
and as a reference electrode in anhydrous hydrogen fluoride. An
anodic current of 10 ma/cm2 was carried at 3°C with a polarization
of 0.5 volt.



III. CONCLUSIONS

A. THERMODYNAMIC CALCULATIONS

The endothermic properties of the reversible electrochemical reaction
of dinitrogen tetroxide with hydrazine at 25°C (31.6% of the maximum
free energy), with hydrogen (18.2%), with methanol (33.4%), and with
propane (35.2%) make these systems potentially attractive for space:
vehicles where heat elimination is a proklem. Thermal decomposition
of hydrazine (N2H4 = 2Ho + Ng) prior to the anodic reaction reduces
the endothermicity to that of the hydrogen-dinitrogen tetroxide
system.

The use of these fuel cell systems as heat pumps in space capsules to

absorb heat (T AS) at the capsule temperature and reject the heat by
radiation from a tungsten filament outside the capsule is a possibility.

B. AQUEOUS SYSTEMS

Hydrazine was found to be an excellent electrochemical fuel. It is
anodically oxidized exclusively to nitrogen and water in either acid or
base. The best catalyst for long-term anodic oxidation of hydrazine was
chemically precipitated iridium-ruthenium on a carbon substrate. This
system gave an initial potential of +0.08 volt vs HE at 100 ma/cm2

load; and after a 700-hour test period demonstrated a deterioration

jof potential of only 0.1 volt.

Unsymmetrical dimethylhydrazine and monomethylhydrazine gave poor
initial electrochemical performance; pctentials rapidly ‘deteriorated .
under long-term testing regardless of catalyst type.

Nitric acid, eitheras 1M solution in 5M sulfuric acild or as 5M solution,
was an excellent electrochemical oxidant, operating 1000 hours at

+0.98 volts vs HE at 100 ma/cm2, A gold-catalyzed stainless steel
cathode showed no deterioration in potential during a 1000-hour test.
The nitric acid was reduced nearly exclusively to nitric oxide.

Limited work done with dinitrogen tetroxide showed that it compares
favorably with nitric acid as an electrochemical oxidant.

Full-cell studies have demonstrated the feasibility of using hydrazine
fuel with nitric acid, dinitrogen tetroxide, or hydrogen peroxide as
oxidants. A full cell using porous Teflon electrodes pressed against
a cation exchange membrane delivered 1.1 volts at 17.5 ma/cm2 at 25°C
for 30 hours.,




C. NONAQUEOUS SYSTEMS

Encouraging anode current densities as high as 100 ma/cm® at 0.48
volt vs HE were attained in electrodes in contact with hydrazine di-
hydrogen fluoride in a molten solution of KF.3HF at 85°C. It appears
that continued work on the hydrazine/chlorine trifluoride system in
anhydrous hydrogen fluoride is Jjustified.

With the nonaqueous organic electrolytes acetonitrile, N,N-dimethyl-
formamide, propylene carbbnate, and pyridine, half-cell tests demon-
strated the cathodic reduction of dinitrogen tetroxide and anodic
oxidation of hydrazine. The results are not sufficiently promising
to warrant further work.



TV. THEORETICAL STUDIES

The purpose of obtaining thermodynamic properties by theoretical
analysis is to permit calculation of the reversible performance of
selected electrochemical reactions in terms of voltage, energy

per pound, efficiency, and reversible heat effects and to determine
the sensitivity of this performance to temperature changes.

The number of possible electrochemical reactions that can arbi-
trarily be written is large. To insure that the calculations will
have meaning and to avoid confusion from detailing all the possible
reactions, only those systems have been analyzed whose practicality
can be supported by experimental evidence.

A. THERMODYNAMIC TABULATION

To calculate the potential of a fuel cell system, it is necessary to
know the free energy of formation of the reactants and products.

Table 1 lists the thermodynamic properties for the pure chemical

species at 298°K (25°C) and 1 atmosphere. For hydrazine, all the
properties except free energy of formation of the liquid (g;F% 1iq)

were available in the literature. Since the liquids are

not in equilibrium with the vapors at 298°K and 1 atm,[&F% 1id¢§£§F% gas

The difference in the ZSF% for liquid and gas results from the entropy
change in compressing the vapor from its autogenous pressure to 1
atmosphere. This calculation is shown in Appendix A-1. For mono-
methylhydrazine and unsymmetrical dimethylhydrazine, the heat of
formation (A Hf) was calculated from literature values of the heat of
combustion (AHZ), which, in turn, permitted calculation of AFp through
the relation AF= AH - TA S.

The voltage of this fuel cell is determined from A F of the reaction:

AF -nFE

joules ~

where n is the number of electrons transferred, F = 96;500 coulombs,
and E is the voltage.

Table 4 presents the energy yield and the open-circuit potentials for
the various fuel-oxidant couples.

The fuel-cell potentials were calculated for reversible reactions.
They represent, therefore, an upper limit of performance

Given the thermodynamic properties at 25°C (Table 1), these properties
at 90°C were calculated from heat capacity data:

10
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Table 4

ENERGY YIELD AND CELL POTENTIALS FOR
REVERSIBLE REACTIONS AT 25°C AND 1 ATMOSPHERE

Watt- Full Cell

hr/1b _valts
hr/lb

3NzHa + 4HNOg ————»— 8H20 + 4NO + 3Nz 610 1.45

5NpHe  + 4HNOg  ——>— TNz + 12H20 1000 1.7

NzHs =+ N20g4 —>— Nz + 2NO + 2H20 ‘ 557 1.42

2NoHs + N204 ——>> 3No + )+H20 1080 1.74

N2Ha + QlF3 —> Nz + HC1l + ZHF 950 2.42

3CH3NHNH2 + 4WHNOz— 7 "3CHsOH + 3Nz + 4NO + 495 1.33
, | SH20 '

3CHaNHNHz + 10HNOz—>—3C0z + 3Nz + 1ONO + 14Hz0 550 1.16

CHaNHNH2 + NpOg4 ——>— CH3OH + 2NO + Nz + H20 460 1.30

3(CHs)oNNHa  + 16HNOg ——>—6C02 + 3Nz + 16NO + 20H20 535 1.09
5(CHs ) 2NNHz + 16HNOg —>—10C02 + 13Nz + 28H20 1000 1.3k

(CHs ) aNNHz + UNoOg ———2C02 + Nz + 8NO + 4H20 480 1.06

Basis:

Liquid Phase - All Fuels
HNO5 -
CHsOH
H>0

Gas Phase - .. N204
NO
HCL..
HF'L

14

CHsNHNHz + 2HNOsz —>— CO=2 + 2Nz + 4H20 1000 1.41 '
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In some cases the heat capacity data were provided in the form

Cp =a + bT + ¢T2 + 4T3

In other cases the Cp was tabulated versus temperature. These data
were then fitted to the form

Cp = a + bT + cT2,

If Acp is in the form:

Acp =Aa + AbT +A er2 + Agre

. [+
the formula for calculating AHpr at any temperature is:

.'AHQ=I +AaT+_A_P_ T2+AC T3 + AdT“'
3 T H 5 £ - =
Then from the Glbbs-Helmholtz equation:

" AFT  (AHE

- o I Ab Ac JAY!
5.LF =—Tﬂ+ Ip - Aaln? - 31 - o2 - FHooe

where Iy and Ig are constants of integration which may be evaluated by
equations 3 and then 5 if AH° and A F° are known at any one temperature.

In order to insure that the calculated data were consistent and that

arithmetic errors had not been made, the data in Tables 2 and 3 were
tested for consistency by the equation
AF = AH-T A

B. THERMODYNAMIC CALCULATIONS FOR THE N204-NgHs CELL
Table 5 shows the calculated results obtained with the reaction

N2H411q + N204gas ———3> Nogas + 2NOggg + 2Ha°gas
at 25°C and 90°C. '

An important consideration concerning the reversible electrochemical

reaction: o
NaHe + N204=——®Na + 2NO + 2H20 (gas at 90°C and 1 atm)
AF= AH-T7AS8 '
-135.6 Kcal =-86,9 Kcal - 48,7 Kecal

- 1s the fact that heat must be supplied to the cell to maintain the

temperature. This fact has two important consequences.,
15



Table 5

THEORETICAL PERFORMANCE FOR THE FULL CELL REACTION:

4
e

, ol ;o co e
NoHs (Lig) + N204 (@as) —-Nz + 2NO (Gas) + 2Hz0 (Gas)

25°C at 90°C at
1 atm 1 atm_
AH kecal/mole reaction -86.75 -86.92
AF kcal/mole 106.86 ' -135. 61
AS cal/mole/deg o 134,52 134,06
ACp cal/m_ole/deg . 17.93 16,06
-~ TAS kcal/mole : 40.11 - ‘ -~48,69 -
Voltage 1.37 CLlubTors
" Watt-hours/1lb - 53T 575 . .
ReygzigbleBEﬁ7§bEffeCts ) ~-582.2 (endo- - =706.7
thermic)
dE/dT = volts/°C 1.45 x 1072 1.45 x 1078

16




1. The cell must be supplied with heat to maintain the cell
temperature. Referring to the equations above, 48,6 Kecal
must be supplied for every 135.6 Kcal electrical output, or
for every 100 watts electrical output, 36 watts of heat input
to the cell 1s necessary.

2, If reversible potentials near 1.47 volts are achieved and the
TAS heat is supplied by the I®R losses in the separator,
a separator with a resistance of 5.28 ohms/cm® would be required
at a current density of 0.1 amp/cm2, The IR loss would be
0.53 volt, which would leave a useful potential of 0.99
volt. (See Appendix A: I2R loss necessary to sustain the
cell temperature.) ‘

An important aspect of our fuel cell development work is the ability
to define which phenomenon presents problems of sufficient magnitude
to be worth investigating. Phenomena that can decrease the attainable
voltage and that can be investigated on paper are (1) The use of
aqueous hydrazine (Versus pure hydrazine?, (2) the dissociation of
dinitrogen tetroxide (N-04=2NOs), and (3) the spontaneous thermal
decomposition of hydrazine (NoHs— 2H- + N») at the catalyst surface
prior to the electrochemical reaction.

The free energy loss due to the solution of hydrazine in water is
equal to:

partial pressure in soln.)

RT 1n(
pure vapor pressure

The vapor pressure of hydrazine in the pure state is known and the
partial pressure of hydrazine aqueous solutions can be calculated

from knowledge of the activity coefficients. The activity coefficient
is obtained from azeotropic data. Use of these data in the van Laar

and Gilliland equations®gives a description of the activity coefficient
as a function of composition and temperature. These calculations appear
in Appendix A.

The free energy loss due to the reduction of the hydrazine vapor
pressure is 1.04 Kcal, which, compared to an over-all free energy of
135.6 Kcal available from a system operating with pure hydrazine,
represents a 0.77% loss in free energy or voltage. It is thus a
negligible effect.

The free energy loss due to the dissociation of dinitrogen tetroxide
(N20O4== 2NO,) is obtained by:

1. Calculating the standard free energy change from knowledge
of the equilibrium constant: -AF° = RTInK

" Ref. 33, pp. 56-59.

17



2. The equilibrium constant is known as a function of temperature
(see Figure 1) and allows calculation of the partial pressures
of N0, and NOz in equilibrium.

%3, Since the total pressure is one atmosphere, the N0, and NOz
are not in their standard state (one atm) and due allowance
for this effect in the free energy loss must be taken into
account.

The results of these calculations, shown in Appendix A, 1is that at
90°C and one atmosphere, the free energy loss due to dissociation of
dinitrogen tetroxide is 1.72 Kcal, which is a negligible percentage
(1.27%) of the 135.6 Kcal (free energy avallable from the hydrazine-
dinitrogen tetroxide electrochemical reaction).

If spontaneous thermal decomposition of hydrazine (NoH,—> N + 2Ho)
takes place prior to the electrochemical reaction, hydrogen is then
the fuel and the attainable free energy from the system:

2Hs + NoOy4 —— 2NO + 2H-0
Gas Gas
is 94,96 Kcal or 1.03 volts. This represents a loss of 0.44 volts or
a 29.9% decrease in voltage from the 1,47 volts available when NsHa
is electrochemically decomposed to Nz and 4Ht, (see Table 5)

However, the over-all endothermic effect (including the exotherm from
decomposition) is still 8.5% of the power output. The chief dis-
advantage of the spontaneous decomposition of hydrazine prior to
electrochemical reaction is the resultant decrease in voltage and _power
per pound. On the plus side is the remaining endothermic effect and
the fact that hydrogen is a clean fuel.

C. REFORMING

Calculation and tabulation of the thermodynamic properties permitted
another set of interesting calculations. Hydrogen is a clean and
easily oxidized fuel compared to other fuels. However, these "other"
fuels can in theory be reformed with steam to yield hydrogen and other
gaseous products. The electrochemical reaction between hydrogen and
dinitrogen tetroxide or nitric acid is endothermic as shown below.
However, the reforming operation of the potential fuels further
augments the effect since it is endothermic itself. Calculations below
show the various reforming operations in combination with the electro-
chemical use of hydrogen. Note that the calculations assume the use
and formation of water vapor at 25°C and 1 atmosphere. This temperature
was chosen since data for CHszOH, CO», and CgHg are tabulated only at
25°C., However, the TAS for the electrochemical reaction increases

18
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with temperature, and for the reforming operation

,AH’I‘ = OHas + Z(Cpr‘od - Crea.ct) AT,

which indicates that A H becomes more endothermic with increasing
temperature since the heat capacity of the simple molecules resulting
from the reforming is greater than for the larger molecules. Therefore,
the endothermic effect would increase as the operating temperature
rises above 25°C.

2H, + N204 —— 2NO + 2H20 gas

AF = -91.33% Kecal/k equivalents

Il

TAS = 16.62 Kcal/4 equivalents(endothermic)

18.2% of power output

2H, + Op—> 2H50 gas
AF = -109.28 Kcal/l equivalents

TAS

-6.32 Kcal/lt equivalents (exothermic)
= -5.8%. of power output

The endothermic advantage is increased by combining the electro-
chemical reaction with hydrogen production by reforming various
fuels:
Theoretically, at 25°C and one atmosphere
2/3 CH30H + 2/3 Hz0 gas EE£932.2/5 COs + 2Ho AH = 13.9 Kcal/4 equivalents
Subsequently,
PHo + NpOg—— 2NO 4+ 2H50 gas TAS = 16.62 Kcal/l4 equivalents

Total endothermic effect = 28.52 Kcal/4 equivalents

. F = -91.33 Kcal/4 equivalents
e oEndothermicity = 33.4% of power output

’

1/3 CaHs + 2/3 Ha0(gas) ororming

1/3 COso + 2Hso AH ='15.46 Kcal/lk equivalents
Subsequently,

2Hz + NpO4—> 2NO + 2H0 (gas) TAS = 16.62 Kcal/4 equivalents.

20




Total endothermic effect = 32,08 Kcal/4 equivalents
= 35.2% of power output
2/5 CHsNHNH, + 4/5 Hz0 (gas)—> 2/5 COs + 2Ho, + 2/5 N»o
AH = 3.54 Kcal/l4 equivalents
Subsequently,
2Hz + NpO4 — 2NO + 2H0 (gas) TAS = 16.62 Kcal/l equivalents

Total endothermic effect 20.16 Kcal/4 equivalents

22.1% of power output
1/4% (CHs)oN+NHo + Ho0 (gas)—1/2 COn + 2Hs + 1/4 No AH = 7.96 Kcal/
4 equivalents.
Subsequently,
2Ho + NoOu4— 2NO + 2Ho0 (gas) TAS = 16.62 Kcal/L4 equivalents
Total endothermic effect = 24.58 Kcal/4 equivalents

26.9% of power output

D. USE OF FUEL CELL AS A HEAT PUMP

The endothermic property of these systems presents the intriguing
possibility of their use as an electrochemical heat pump. If

AF = AH - TAS is the electrical output ( AF is negative for
power output) from a fuel cell, TAS is the heat absorbed from the
surroundings that contributes directly to the power output. There-
fore, if AF is expended as I®R loss through a tungsten radiator at
5000°C outside the space capsule, the effect is to pump TAS by
expending AF. This concept of pumping heat is not limited by
Carnot efficiency or the temperatures involved, nor is there danger
of losing working fluid from meteorite punctures of heat exchange
tubes.

As opposed to the system described in the previous paragraph, if W is the
work supplied to a conventional heat pump, the heat pumped from T; to To is

Ty
Ts-T,

Q=W

Since heat radiation depends on the fourth power of the temperature a
high temperature (Tz) is required to cause a high radiant heat flux.
Therefore with Ta>>T: the heat pump efficiency Q

(ﬁ) approaches zero.
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E. ELECTROLYTE JUNCTION POTENTIALS

Another phenomenon that will influence the full cell potential is the
existence of a difference in chemical potential (such as pH) of ionic
speciles across the separators. To i1llustrate the argument, consider

the following half cell reactions (subscripts L and R and left and right):

Anode H+ —— Cathode
< NOB_ ‘
- v
5NoHse = 5Nz +E‘O‘H"‘L + 206 » S e
2Nz + 12 Hp0 = 4HNOs + 20 Hg + 20e”
E, = E. -0.059 log [aS . a2° E - E - 0.050 log lat . .a%
P TS Naj,  “Hp R R 5o HNOs ™ “Hp
5 a2 .alz
AN ,Ha No Hz0

To simplify the argument, assume reactants and products are in their

standard states; i.e., N H, = aHNO = ay = aN =1
o 3 20 2
so,
° (<]
Ef = EL - 0.059 log aHi ER = ER - 0.059 log aHE

In addition to the above half cell potentials, a potential will exist
across the separator owing to the free energy change accompanying the
transport of ions from one activity to another. The reaction occurring
across the separators using the same conventions as for the half

cells, i.e., oxidation occurs from left to right and is spontaneous if

E is positive (this is the convention of the Electrochemical Society) is:

t+H£ + t_NOQR———a—t+H§ + t_NOéL For 1 faraday t and t_ are transport
, numbers or fraction of current ‘
carried by the respective ions

t 1-t
Ey = -0.059 log [a ¥ . a( _ +)
HE & NO3
at+ . aN(l_t+)
On-
H, °R

22




The full cell potential will be the difference between oxidatiocn

potentials of the left and right half cells plus the junction potential

(ref. 12-A).

° e + t% (1-t4) |
i
0ot o U a(1-{t) f
1L Hf = NOag |
Simplifying:
o o "
E = EL—ER - 0.059 log aH+L . aNO;L (l—t+) (1)
+ -
8H' R -+ 9NOaR

(o] o
Er-Er has already been calculated for the over-all reaction and is
equal to 1.70 volts at 25°C and 1 atmosphere,

These calculations lead to the following conclusions:

1. When ions on both sides of a membrane are at unit activity, or
when the activities are the same on each side, E = Ef - E§ = 1.7
volts irrespective of the value of t4. This is true since the
activity terms of Equation (1) become unity, and the log term be-
comes zero. If no concentration difference of current-carrying
ions across the membrane exists, the liquid junction potential is
still zero, since the activity ratio of Equation (1) is unity.

2. Even though ion activities are not unity or are not equal on each
side of the membrane, the liquid junction potential will be zero
1f the membrane. is permeable to only hydrogen ion [(1l-ty) = 0]
This assumption.is not entirely valid if cations other than
hydrogen ion carry appreciable current.

5. 1If the ion exchange membrane is not sufficiently selective to
cations the liquid junction potential can vary from zero to un-
predictiblg values, either positive or negative depending on the
value of t' and on the activities of HT and NOg~ on each side,

4. The above three conclusions and the liquid junction equations are
valid only if HT and NOs- ions are the only ions present. However,
we also have a very large possibility that N2H5+ is formed and
carries a large percentage of the current. If this is true the
above liquid junction equation is not valid.

If NoHst carried all the current, the following stoichiometric
equation would hold:

NoHy —=> No + yH 4 he” electrode reaction
4t + 4NoH, — 4No-Hst chemical reaction
UNoHs T, — UN,HSTR current transfer

Thus we would then get a high potential, since qualitatively it can
be seen that this liquid junction would add to the potential, at the

sacrifice of only 20% utilization of our fuel.



V. EXPERIMENTAL-AQUECUS SYSTEMS

A. HALP\ CELL POLARIZATION STUDIES

The open circuit voltage (OCV), the specific energy, and the potential
available at various current densities are the most important
paraméers of any fuel cell system. The OCV and the specific energy
can be calculated from thermodynamic data if the electrochemical
reactions and hence the reaction products are known. The electrode
polarization under load, being a kinetic phenomenon, cannot be
predicted from thermodynamic considerations, and it i1s therefore
calculable only in very special and rigidly defined cases.

The validity of the results presented in Table 4 of the previous
Section 1s based on the assumption that only the postulated
reactions take place in the cell.

The objective of the work reported in this section was to verify
those assumptions, to provide guidelines from which second approx-
imation calculations can be made, and to provide criteria for the
selection of suitable oxidant-reductant couples. Most of the
experimental work was performéd in half cells (see Appendix A-3,
Figs. A-2, A-3, A-L4 and A-5).

Half-cell measurements are based on the fact that in an electro-
chemical cell the potential at one electrode is independent of
the reaction at the opposite electrode. For example, an
electrode at which the principal rezction is:

NOs™ + 6HT + B5e” = 1/2Na + 3H.0

will have the same po%tentizl whether the reaction at the opposite
electrode is:

HoNNH, = Np + 4EFT + Le
or.:
Hz20 = 1/202 + 2% + 2e-

The potentials are recorded versus “he reversible hydrogen electrode
at the same temperature and pl. With thds method of presentation,
the full-cell potential, without IR drop, with any combination of
anodic and cathodic half cells at the same pH, temperatuve, and
current density can be found merely by subtracting the anode
potential from the cathode potentiszl. When the pH is different,

an. extra pbdtential must be added for the EF concentration cell
potential as follows:

ny
£




)

30°C: Full cell potential = E_, -Epye1 - 0.060(pHyy -pHe o7)

90°C . Full cell potential = Eox, -Epye; - 0.072(pHyyx . ~-PHeye1)

All liquid junction potentials are assumed to be negligible. Table 6
gives the pH values for the fuel solutions studied.

1. Fuel-Electrode-Catalyst-Electrolyte Systems

a. Soluble Systems

The electrochemical oxidation of hydrazines at catalyzed electrodes
was studied in various electrolytes at 30°C ard 90°C. The catalysts
were put on the electrode substrate using two different teéhniques:
(1) electroplating, and (2) chemical precipitation (see Appendix A-2).
When using the precipitation technique, alloys or mixtures of
catalysts were tested because of reports (ref. 13) of increased
catalytic activity with some alloys of Ir, Ru, Pt and Au.
Precipitated catalysts necessarily used a porous carbon material*

as the electrode substrate, while ‘with electroplated catalysts,
stainless steel, nickel, and graphite substrates were used.

While the actual measurements were made versus a saturated calomel
electrode (SCE) maintained at the same temperature as the electrolyte,
the potentials are reported versus a reversible hydrogen electrode

at the pH and temperature of the particular run. The use of this
voltage scale permits a comparison of the fuels in relation to the
open-circult potential of a reversible hydrogen electrode (HE).
Furthermore, if the anodic oxidation of hydrazine proceeds in aqueous
media by an intermediate hydrogen mechanism, the potential of HE is

an upper limit of performance. It is apparent then that the best
fuels have the least overvoltage.

(1) Hydrazine .

Aqueous solutions of hydrazine were studied in six different electro-
lytes using a large number of different electroplated catalyste
substrate systems (Table 7). The best short-term polarization test
at 100 ma/cm2 was obtained in 1M KOH at 30° with Rh/Ni electrode.

*Pure Carbon Co., FC-14 grade Pure Carbon
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Thils system operated at a potential 0.04 volt better than a
reversible Ho electrode at the same temperature and pH. However,
it is improbable that either Nz204 or HNOz could be coupled with
this fuel system in a full cell, tras limiting 1t to Oz or Hz02
for a full cell couple.

The best system compatible with N20s. and HNOsz is HaPO4 at 90°C
using a platinum-catalyzed stainless steel (Pt/SS) electrode. A
potential + 0.30 volt from HE (or poorer than reversible Ho) was
obtained at 100 ma/cm2.

Table 8 lists the data for tests of 1M NpHs in 5M HzPOs and 1M KOH
us%ng precipitated catalysts and catalyst mixtures, at 30°C and
80°C.

In 1M KOH at 30°C a ruthenlum catalyst performed best, but rhodium
by itself was nearly &as good. The best electrode was identical 1n
potential to the best electroplated system at about the same current
density.

At 80°C in 1M KOH a rhodium catalyst performed 0.02 volt worge than
the Rh/Ni electroplated electrode system at.90°C. However, a precipitated
ruthenium electrode performed slizhily better than the electroplated
Rh/Ni system.

With 5M HsPO4 electrolyte at 8C¢°C, & precipitated ruthenium electrode
was only 0.18 volt poorer than HE at 100 ma/cm2; thils was the best
precipitated catalyst. The only other catalyst within 0.1 volt at
the same current was an iridium (32%)-ruthenium (68%) electrode.

The ruthenium electrode shows a 0.12 volt improvement over the best
electroplated system.

The main reason for the investigation of the precipdtated catalyst
electrode was for information cn catalysts and catalyst mixtures

that were difficult to obtalrn by el ectroplating techniques. Catalyst-
substrate systems that would give lmproved long-term characteristics
were desired. In the section on long-term tests, it will be seen

that vast improvements were found.

(2) Monomethylhydrazine and Unsymmetrical Dimethylhydrazine

Tables 9 and 10 1ist data on 1M MMH and iM UDMH in seven different
electrolytes including 5M E2SO4 1n which NzHs is.not soluble. Of

the electrolytes that would be CCz rejecting, MMH performs best in

5M HaPOs, with a Au/SS electrode, while UDMH performs best in 5M HaSO4

with a Au/SS electrode. The potentials are 0.2 to 0.3 volt worse

than NoHs potentials. This, coupled with poor efficilency due to
incomplete reactions (COz not produced, see analytical discussion),

and very poor long-term steability (zee long-term test section)
%ndicates no further interest in the electrochemical oxidation of these
uels.
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This system operated at a potential 0.04 volt better than a
reversible H-o electrode at the same temperature and pH. However,
1t 1is improbable that either Nz04 or HNOz could be coupled with
this fuel system in a full cell, tkus limiting it to Oz or H202
for a full cell couple.

The best system compatible with N204 and HNOs is HaPO. at 90°C
using a platinum-catalyzed stainless steel (Pt/SS) electrode. A
potential + 0.30 volt from HE (or poorer than reversible Ho) was
obtained at 100 ma/cm2.

Table 8 lists the data for tests of 1M NpHs in 5M HszPOs and 1M KOH
us%ng precipitated catalysts and catalyst mixtures, at 30°C and
80°C.

In 1M KOH at 30°C a ruthenium catalyst performed best, but rhodium
by itself was nearly as good. The best electrode was identical in
potential to the best electroplated system at about the same current
density.

At 80°C in 1M KOH a rhodium catalyst performed 0.02 volt worge than
the Rh/Ni electroplated electrode system at.90°C. However, a precipitated
ruthenium electrode performed 3lizhily better than the electroplated
RH/Ni system.

With 5M HsPO. electrolyte at 80°C, & precipitated ruthenium electrode
was only 0.18 volt poorer than HE at 100 ma/cm2; this was the best
precipitated catalyst. The only other catalyst within 0.1 volt at
the same current was an iridium (32%)-ruthenium (68%) electrode.

The ruthenium electrode shows a 0.12 volt improvement over the best
electroplated system.

The main reason for the investigation of the precipdtated catalyst
electrode was for information cn catalysts and catalyst mixtures

that were difficult to obtair by el ectroplating technilques. Catalyst-
substrate systems that would give improved long-term characteristics
were desiréd. In the section on long-term tests, 1t will be seen

that vast Improvements were found.

(2) Monomethylhydrazine and Unsymmetrical Dimethylhydrazine

Tables 9 and 10 1list data on 1M MMH and 1M UDMH in seven different
electrolytes including 5M HpSOs in which NgzHs is not soluble. Of

the electrolytes that would be CCz rejecting, MMH performs best in

5M HaPO, with a Au/SS electrode, while UDMH performs best in 5M HaSO4
with a Au/SS electrode. The poterntials are 3.2 to 0.3 volt worse

than NoHg potentials. This, coupled with poor efficiency due to
incomplete reactions (COz not produced, see analytical discussion),

and very poor long-term stapility (see long-term test section)
indicates no further interest in the electroczhemical oxldatlon of these
fuels.
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Table 8 1ists data obtained with precipitated catalyst systems for
MMH in 5M HsPO.. Potentials about 0.1 volt better than with
electroplated catalysts were obtained. Interestingly, gold was

no longer effective when precipitated, and the best potentia 1ls

were obtained with ruthenium and 80% rhodium-20% nickel. However,
the evaluation of MMH given above for electroplated catalyst systems
still would hold true.

(3) Mixtures of NpHs with MMH or UDMH

Since the above mixtures were possible fuels for future rocket
systems, they were tested with electroplated catalyst-substrate
systems with most of the electrolytes previously mentioned.

Tables 11 and 12 1list the data for these tests. In general the
mixtures are poorer by 0.1 to 0.2 volt than the same concentration
of NoHs. This is compatible with the data for NzHs and the
methylated hydrazines~—alone. Hydrazine may be preferentially
oxidized and a steady state with a low N:Hs concentration is
eventually reached, after which the potential deteriorates.

To investigate the above possibility, tests were made with 1M UDMH
while the NzHs concentration was varied (Table 13). For all
electrodes except Rh/Ni at 90°C in 1M KOH, the potentials rapidly
deteriorated with lowered NzHs concentration. It would seem that
Rh/Ni 1s such a specific catalyst for NzHs, that as low as 0.1M
NoHs can be utilized at 90°C. Thus, it might be possible to use

a flows~through system that would discard the unused fuel, and thus
use 90% of the NzHs in the mixture. However, such an electrode
would be highly inefficient, and would not be compatible with HNOs
or N>0s because of the basic electrolyte requirement.

b. Vapor Transport Electrodes

Electrodes of this type might also be classed as porous electrodes.
Our porous electrodes are of the type described in Appendix A-2.
The usefulness of a porous Teflon vapor electrode is thovoughly
discussed in Section D. FKere half-cell data from the cell pictured
in Figure A-5 (Appendix A-3) is presented. Since the Luggin
capillary must be too far from the electrode for IR drops to be
negligible, the data obtained in Table 14 were derived from
Kordesch-Marko bridge measurements. (For a description of the
Kordesch-Marko bridge and its circuilt, see Appendix A-3.) These
tests were made in conjunction with physical optimization studiles

on the Teflon electrodes and will be discussed further in the Section. D.
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Table 1

EFFECT OF RATIO CHANGE ON UDMH-N2Hs MIXTURES

Potential vs HE at Same pH and Temperature, Volts
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Table 14
ANODIC STUDIES WITH POROUS TEFLON ELECTRODES

Pt (black) Powder Catalyst; 18u; 10-15 mil Porous Teflon

Voltage
Am't Test at 60°C Voltage at max.
Cat. Test — _ OCV at 100 Current/
Ve/ T P Time Flect- Test vs ma/cm® density
Electrode Cm2 _°C psi _min “~ Fuel SHE* vs SHE* vs SHEX Notes

49811 * 25 225 5100 15 1MH2S04 H2 +0.02 +0.06 +0.13 at Hz not
160 ma/cm2 bubbling

through
electrode
at max.
current.
S5MHaPO, 85% +0.12  -- +0.34 at
N2Hs.H20 i 60 ma/cm2
49812 50 225 5100 15 1MH280s Hz  +0.005 +0.02 +0.13 at
. 280 ma/cm2
5MHaPO. 85% +40.16  -- +0.25 at
N2Hs.H20 40 ma/cm?
49816 50 225 3200 15 1MH2804 Hz  +0.005 +0.025 +0.07 at Couldn't try
: 200 ma/cm2 higher curr-
ents due to
exp. diff-
iculties.
5MHsPO, 85% +0.11 -~ +0.24 at
NzHg .H20 30 ma/cm?
49817 50 225 7000 15 1MH2S504 Hz  +0.005 +0.04% +40.115 at
. 320 ma/cm?2
5MHaPO, 85% +0.15 -~ +0.20 at .
NzHs .H20 4o ma/cm2

* SHE = Standard hydrogen electrode
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(1) Hydrazine

The feasibility of using NzHs in vapor feed from concentrated
Nz2Hs*H20 solutions was demonstrated; a current density of 60
ma/cm2 was obtained at 60°C with platinum black powder as a catalyst.
This current density is fairly close to that obtained using soluble
N2Hs solutions in direct contact with platinum catalysts. Further
improvements in the half cell might be made by using more spegific
catalysts such as rhodium or ruthenium and by increasing the
porosity of the electrode system. The latter change will improve
the hydrazine electrode by providing more rapid transport of the
vapor to the catalyst surface, since the NgoHs vapor pressure

will not be variable over too wide a range. The vapor electrode
must be used at 60°C and above to provide usable vapor pressures.

(2) Hydrogen

Since sufficiént hydrogen pressure can be maintained to provide

mass transport to the electrode, the porosity of the electrode
should not be critical. The hydrogen fuel data thus shows nearly
opposite behavior from that of NoHs, improving with increased
catalyst concentration and with more homogeneous construction of the
electrode. Anodic currents of 300 ma/cm2 were obtained at +0.12
volt vs HE att30°C :in 1M HzSO0s with  the bést hydrogen electrode

so far constructed.

2. Oxidant-Electrode-Catalyst-Electrolyte Systems

Nitric acid and dinitrogen tetroxide (Ns0.) were the oxidants
studied. HNOs was combined with various acid electrolytes. NzO.
was studied as a soluble oxidant in acid electrolytes, and as a
gas electrode in 1M KOH, pH 6 buffer, and in a number of acid
electrolytes.

a. Nitric Acid

Table 15 presents half-cell data obtained with electroplated
catalyst systems for general acidic electrolytes. Table 16 presents
data obtained for an intensive investigation of HsS04-HNOs

systems, which seem to be thé best overall electrolyte for HNOs.
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With HNOs as electrolyte and oxidant, a high HNOs concentration

was found to be necessary for high reduction potentials. At 30°C,

5 HNOs was required. However, at 90°C, £.5M HNOs gave an

acceptable potential. The catalyst used made very little difference.

With HsPO. electrolyte, 1M HNOs was not reduced at 30°C regardless
of the HsPO. concentration. At 90°C, generally only gold catalysts
reduced nitric acid regardless of HszPOs conoentration* When 2M
HNOz was used, the half-cell potentials at 30 °C and 90°C were
equivalent to the 2.5M HNOsz electrolyte half-cell potentials.

_When HzSOs4 was used as electrolyte, 1M HNOs at 90°C in 1M HoSO4
gave high positive potentilals VS HE. In 5M H»S04, however, the
potentials were high even at 30°C. The catalyst seemed to make
little difference.

The use of nitric acid and sulfuric acid mixtures was investigated
to find the lowest usable HNCs concentration at 30%C and 90°C

in both 5M HsS0s and 2.5M H2SO4. The reason for interest 1in this
mixture is apparent from the full-cell studies, where NzHs
contamination quickly deteriorated the oxidant half cell if 5M HNOs
solutions were used, while with 1M HNOs and 5M HzSO4, the NzHa
precipitatéd as hydrazine sulfate without impairing the oxidant
half-cell potential.

The following trends were noted:

1. At 30°C only 1M HNOs-5M HzS0. will maintain useful potentials
at 100 ma/cm?2,

2. In general, the best catalyst electrode combination of the four
investigated for any mixture is Au on SS.

3. If the HNOs concentration is held constant, potentials become
less positive with decreasing H2S04 concentration.

4, With 5M HzSO. at 90°C 0.2M HNCs is the lowest concentration
that still gives useful potentilals.

5. With 2.5M HaSCs at 90°C, a concentration of amut 0.35 to 0.4M
HNOs is the lowest pOSSlble for useful potentials.

*An exception was 5M HzPO4 electrolyte at 90°C with rhodium catalyst.
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b. Dinitrogen Tetroxide

Table 17 lists data for both aqueous and gaseous utilization of Nz04.
(1) Aqueous

Dinitrogen tetroxide was utilized in aqueous solution by bubbling
thé gzas into distilled water at 25°C. Half-cell runs were mdde with
gold catalysts and at the H' concentration found by titration of a
solution sample. The blue color that appeared in solution could be
made to disappear within a few hours by discontinuing NoO4 flow.
Runs made at approximately the same H' concentration when the blue
color was present and absent showed that reduction was easier when
the blue color was present. This was also better than HNOs reduct ion
at equivalent Ht concentration and temperatures. The blue color has
been noted by others (refs. 14 and 15) and seems to be caused by a
mixture of NO and NOz in solution. Liquid N203 is blue. The
potentials were generally good and the current carrying capabilities
were very good.

(2) Vapor

These half cell tests were made with the porous electrode illustrated
in Figure A-4, Appendix A-3. The tests were conducted with a suff-
iciently high pressure of Nz204 to prevent gross moisture from the
electrolyte backing up in the electrode. The electrode was a porous
carbon disk, uncatalyzéd. Currents were held for five minutes with
readings immediately after current was imposed, then 1, 2 and 5
minutes later. A great potential drop with time indicated electrode
failure for a given current density. '

(a) Acid Electrolytes

Since 5M HsPO4, 1M HzPOs, and 1M HNOs have been shown to have no
oxidizing properties in themselves at 25°C, the electrochemical
activity shown in Table 17 can be ascribed to Nz20. reduction. At 25°C
both 5M HzPOs and 1M HNOs electrolyte behaved the same for Nz04
reduction, holding 50 ma/cm® maximum at about +0.80 volt from HE. In
1M HszPO. at 60°C better performance was found with 120 ma/cm2 being
maintained at +0.80 volt versus HE.

Utilizing Nz204 in this manner avolds the inherent waste associated with
converting it to HNOsz before use, since from:

N2Os (g) =+ N20. (ag) and then

Hz0 + N20, (agq) — HNOs + HNO»>
4 1/3 H20 + 4/3 HNOs + 2/3 NO 4———1
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one-third of the energy possible is wasted in NO (g) evolution.
However, at low temperatures (25°C) the rate of HNO» reaction to
HNOs and NO (g) is slow, and the HNO» might be utilized.

(b) Basic and Buffer Electrolytes

N204 gas 1in basic or neutral electrolytes offers little possibillity
of use as a gas electrode. This could be important since NoHa
performs better in basic and neutral electrolytes. Table 17

shows data for tests at 60°C in 1M KOH and in a pH 6 phosphate
buffer. Currents of over 100 ma/cm2 were maintained at very high
potentials. However, the large positive potential versus HE,
corrected for the pH and temperatures of the electrolyte used,
indicates a local pH effect at the electrode surface, and thus
eventual contamination of the electrolyte.

B. STABILITY STUDIES

1. Open-Circuit Studies

This section considers the amount of fuel lost from open-circuit
decomposition at the catalyst from decomposition of the fuel. If
the decomposition is very large, significant losses in coulometric
efficiency could cccur. Also studied is the effect of open-circuit
storage on the electrochemical activity of the catalyst/substrate.
These data are found in Table 18.

a. Decomposition at Electrode

(1) Hydrazine

S5M HNOjz electrolytes were not further tested due to slow reaction
with NoH4. NpHg in 5M HzPO, showed negligible decomposition at
30°C and 90°C. In 1M KOH with Pt on SS electrodes, decomposition
was also negligible after 7 days of storage.

(2) Monomethylhydrazine and Unsymmetrical
Dimethylhydrazine

These showed very small gas volumes from decomposition at electrode
at 90°C with Au on SS electrodes in both HaPO4 and HNOs. But, if
a reaction analogous to NoHs is assumed, i.e.,

4H" + 3CHgNHNHp —> 3CHgNHs™ + N» + NH4T and

4HY + 3(CHa)oNNHp —> 3(CHs)oNHat + No + NH.T
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the effect on coulombic efficlency is significant. The reason for
this is the large electron changes that are involved in the half
cell reaction for complete utilization of the fuel, i.e., to

N- and CO,. For MMH, n = 10, and for UDMH, n = 16. Thus, as
seen in Table 17, for HBM HNOsz, assuming electrode current of

100 ma/cm3and a 10 electron change, the coulombic efficiency of
MMH is 42% initially, and after 4 days 87%. For UDMH, n = 16

and the efficiencies are 50% initially and 87% after 4 days.

When a third attempt was made to find decomposition after 7

days, the electrode catalyzed the chemical reaction with HNOs;,
and tests with HNOs; were stopped. Only MMH was tried in 5M HaPOg4
and its efficiency, initially 81%, was better than in 5M HNOs.

b, Effect of Open-Circuit Storage on Electrochemical
Activity

NzoHs in 1M KOH showed a degradation of the electrode upon length
of time stored in the cell solution (Table 18). This directly
compares to decreased open circuit decomposition. After 7 days,
the potential at 100 ma/cm2 became poorer by 0.26 volt compared
to normal activity with Pt on SS electrodes. This occurred

at both 30°C and 90°C.

In 5M HzPO4, after 7 days’ storage, there was no significant
change in electrode activity.

The activity change with time was also insignificant with MMH
and UDMH in 5M HsPO, and 5M HNOs.

2. Closed-Circult Stability Studies (Electrochemical)

a. Hydrazine

(1) Electroplated Catalysts

Previous contract work on hydrazine anodes in base showed grave
half-cell potential deterioration under operating conditions
within 24-hour periods (ref. 16). Electroplated catalysts in
this work also deteriorate badly. Figure 2 shows results over
a 24-hour period for Rh/SS and Pt/SS at 30°C and 90°C in 1M KOH.
The rhodium catalyst performed 0.1 volt better than platinum at
both temperatures. The difference between the 30°C and 90°C
tests was 0.3 volt, with the 90°C test performing best. Even
at 90°C with Rh/SS, the half-cell potential after 24 hours was
+0.4 volt from reversible HE performance. This value is not
good enough for a useful full cell. When polarization of the
oxldant electrode and IR drop are included a full cell potential
of 0.5 volt would probably be the best possible at 100 ma/cm2.
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No previous long-term use of NoHy in acidic solutions was found.
Figure 3 shows long-term tests with Pt/SS electrodes in 5M HsPO4
at 90°C at 100 ma/cm®. At 90°C the initial potential was +0.2k
from HE, and over a period of 3 hours the potential deteriorated
to +0.4 volt versus HE and then very slowly polarized until it
reached +0.46 volt versus HE after 24 hours. Once again the

potentials reached after 24 hours are not useful for full cell
work.

(2) Precipitated Catalysts

The failure of electroplated catalysts led to the testing of

the precipitated catalysts. Those catalysts that showed good
half-cell short-term polarization tests were put on long-term
test for further tests at 100 ma/cm2., o

Figure 4 shows tests made with 1M NoHs in 1M KOH at 30°C with
rhodium, ruthenium and iridium (32%)-ruthenium (68%). At the
end of 145 hours the rhodium and ruthenium were at potentials
of +0.19 volt and +0.26 volt from HE respectively, which is a
significant improvement over the electroplated catalysts.
Shortly thereafter both electrodes deteriorated rapidly.
However, even these were poor compared to the iridium-ruthenium
mixture, which ran for 700 hours at which time its potential
was only +0.17 volt versus HE. The reason for this spectacular
long-term run is not known; it must be reproduced to be sure
the catalyst itself was responsible.

Figure 5 shows tests made using 1M NoH4 in 1M KOH at 80°cC.
Catalysts of rhodium, ruthenium, platinum (80%)-ruthenium (20%)
and iridium (32%)-ruthenium (68%) all showed a quick initial
drop to +0.20 to +0.26 volt versus HE, where they leveled off
somewhat and then rapidly deteriorated. The rhodium potential
fell off after 96 hours, Pt-Ru and Ru after 150 hours, and Ir-Ru
lasted 300 hours before +0.3 volt versus HE was reached. 1In

one test ruthenium performed better than the other catalysts,

but it was found that the KOH concentration had accidentally
increased to 4M and NoH4 to 3M. These should be studied further.

Tests in 5M H3PO4 with NyH4 were only done at 80°C, because of
poor potentials at 30°C and also because the resistivity of

5M HzPO4 was too high at 30°C (~5 ohm.-cm.) for practical use
in a full cell. At 80°C the resistivity drops to 3.0 ohm.-cm.
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Figure 6 shows data for 1M NoHs in 5M HsPO4 at 80°C. All
catalysts except ruthenium fell to +0.48 volt versus HE within
20 to 200 hours depending on specific catalysts. Ruthenium

on the other hand levels off at 0.25 volt and after 600 hours
only polarized by another +0.05 volts. However, this curve is
not smooth, as shown in Figure 6. The actual behavior consisted
of large voltage fluctuations shown in Figure 7. The. sudden
drop in voltage occurred when fuel was added to bring the
solution back to 1M concentration. The values plotted on
Figure 6 are taken 10 hours after addition of fuel. The
fluctuation does not seem to be caused by the lowering of

fuel concentration, which drops to only 0.8 M at the time of
fuel addition. This does not seem to be an effect of stirring
either, for the length of time required for the potential to
deteriorate to the same value in successive fluctuations is
about 50 hours. With catalysts other than ruthenium this
fluctuation did not occur, as shown in Figure 7 for rhodium.

To find more information about this effect, another ruthenium
electrode was tested using 2M N;Hs4. The results of this test
are also shown in Figure 7. The fluctuations still occur,

but with much smaller amplitudes. A plot of potentials 10
hours after fuel addition did not differ significantly from

1M NpH4 plots. The reason for this behavior is not known, but
might have a fundamental relation to the long-term deterioration
of all electrodes in NpHs solutions. Contaminantsapparently
build wup at the electrode in different amounts depending on
the catalyst. With ruthenium, this build-up might be very
slow; thus, stirring tended to transport it from the surface
of the electrode. With 2M NsHy even less bulld-up seemed to
occur. Figure 8 shows tests with a number of catalysts

using 2M NpHs. There was a significant 1mprovement with
rhodium, Ir-Ru, and Pt-Rh-Au using 2M NoH..

b. Monomethylhydrazine

(1) Electroplated Catalysts

Figure 3 shows data for 1M MMH in 5M HgPO4. at 80°C using a
Au/SS electrode. The potential rapidly deteriorated from the
initial value of +0.30 volt versus HE to +0.60 volt versus HE
where it leveled off and remained fairly constant until the end
of 24 hours. The potential deteriorated rapidly after 45 hours.

(2) Precipitated Catalysts

Figure 9 shows tests made with 1M MMH in 5M HsPO4 at 80°C
with precipitated catalysts. Rhodium and ruthenium catalysts
deteriorated badly within 24 hours. Rh (80%) - Ni (20%)
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maintained a potential of +0.60 volt versus HE for 90 hours

and then rapidly deteriorated. The best catalyst was

Pt (60%)-Ru (20%)-Au (20%) which maintained potentials between
+0.60 to +0.70 versus HE for 180 hours. However, at a potential
of +0.60 volt from HE there would not seem to be any practical
use for MMH in a full cell.

c. Unsymmetrical Dimethylhydragzine

Figure 3 shows data for 1M UDMH in 5M HzPO4 and 5M HzSO4 at
80°C. The 5M H-S0. electrolyte gave better long-term performance.
However, the polarization was too severe for a useful anode.

d. Nitric Acid

Figure 10 shows long-term data for 5M HNOs oxidant solution
using a Au/SS electrode at 30°C. There was almost no change in
potential after 40 days’ operation. The potential of +0.99 volt
versus HE 1s very good, since, coupled with a fuel electrode at
+0.15 versus HE, the full-cell voltage without . IR drop would be
+0.80 volt.

C. ANALYTICAL STUDIES - REACTION PRODUCTS

The experimental procedure and apparatus used for the analytical
runs are outlined in Appendix A-3, Figures A-8 and A-9. Analytical
data are summarized in Table 19.

1. Hydrazine

In general, the only electrochemical reaction expected of NzHg
is:

(1) NoHs (aq) ——> Nz + 4ET + 4e~ in base, and
(2) NoHst —> No + 5HY + be™ in acid.

For both these reactions, the voliume of gas produced per
ampere-hour 1is equal to

Vliiters = E%E

where N = mole NpHys used = Iﬁ;t . Thus, IAt = 3600 coulombs per
. , n
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amp-hr, n = 4 eq/mole, and F = 96,500 coul/eq. At atmospheric
pressure and 25°C (298°K), the volume expected is 227 ml/amp-hr.
The only possibility of lowering the coulombic efficiency would
be the electrode decomposition reaction of NoHys or NoHst; the
products of this decomposition would add to the calculated volume.
The quantity and nature of the gas products from the oxidation
of 1M NzH4 in 5M HaPO4 strongly indicated complete formation of
Nz. The data in Table 19 substantiate this indication. The
concentration found by titration with KIOs; at the end of the
test agrees within experimental accuracy with that expected
from the number of coulombs passed. If a three-electron change
had occurred, the cell would have used up all the NoHs solution.

The gas volume and VPd*data for 1M NsH4 in 1M KOH also shows
complete oxidation to Nz.

2. Monomethylhydrazine

The following electrode reactions are possible with MMH in
acid electrolyte. At the right is listed the gas volume (ml)
expected at 25°C per amp-hr.

Gas Evolution ml/amp-hr.

at 25°C and 1 atm

(3) Hz20 + CH3NHNHp —> CHgOH + Np + 4HT + Ye- 227
(%) H20 + CHsNHNHp ——> CH0 + Nz + 6H" + 6e”™ 151.5
(5) 2H20 + CHsNHNHp —> HCOOH + Nz + 8H' + 8e~ 113.5
(6) 2H20 + CHgNHNHp —> COp + Nz + 10H" + 10e~ 182

The data from Table 19 indicate that reactions 3, 4, and 5 might
be occurring, but 3 is predominant. Gas volumes measured are
very close to those expected from reaction 3. However, solution
analysis for MMH and the concentration of CHsOH found by VPC
indicate slightly better than a four-electron change. No CO»
was found, thus eliminating reaction 6.

*Vapor Phase Chromatography (VPC)
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3. Unsymmetrical Dimethylhydrazine

The most probable reactions of UDMH electrochemically are
listed below:

Gas Evolution
in ml/amp-hr

at 25°C
(7) 2Hs0 + (CHg)sNNHz —> 2CHGOH + Nz + 4H' + le” 227
(8) 2H,0 + (CHz)2NNH» —> 2CHo0 + Np + 8H' + 8e- 113.5
(9) AHQO + (CHa)2NNH» —> 2HCOOH + Np + 12H" + 12e~ 76
(10) 4H.0 + (CHs)sNNH, — 2C0s + No + 16H" + 16e- 171
(11) Ho0 + (CHs)2NNHp —> (CHsz)oN-N=0 + 4HT + e~ 0
(12) (CHsz)2NNH, —> 1/2 (CHs)aNN=NN(CHsz)z + 2H' + 2e- 0
(13) (CHs)2NNHz + H20 —> (CHs)oNHOH" + 2H" + % No + 3¢ 151

a. 5M HaPO, Electrolyte

Analysis of product gas showed only N-. Analysis for UDMH after
test showed the concentration expected for a four-electron change.
The fuel would not run for a long enough time for accurate
measurements of gas volumes, nor for enough CH30H, if produced,

to be found by vapor phase chromatographic examination. Reaction
7 is most probable. The system showed insufficient promise to
warrant testing further.

b. B5M HpS04

UDMH supported better potentials in sulfuric acid than in
phosphoric acid electrolyte. However, a number of different
reactions seemed to occur as the potential changed with time.

At the best potentials (when first started) no gas was evolved,
but a yellow color was produced in the cell at the electrode.

Then gas evolution slowly increased as the potential deteriorated.

*Table 19
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Reactions 11 or 12 could account for the lack of a product gas.
The product of reaction 11, yellow dimethylnitrosamine, can be
formed by the reactions of a secondary amine with HNOs (ref. 17).
The product of reaction 12 is a tetrazene. The titration of

UDMH with KIOz; results in a quantitative two-electron reaction
(ref. 18). Also, the oxidation of unsymmetrical diphenylhydrazine
with HgO results in the corresponding tetrazene (ref. 19). It is
not known if the dimethyltetrazene product has a yellow color.

Analysis of the solution after the termination of the test
indicated less than a three-electron change. Thus, the most
likely pair of reactions would be 7 and 12. Reaction 7 would
account for Ny gas evolved as potential deteriorated.

4, Nitric Acid

The following are the most probable electrochemical reactions
of HN03 .

Theoretical
Gas Evolution
ml/amp-hr
(14) H' + le™ + HNOs —> NO» + H»0 Gas soluble
(15) 2e~ + 2H' + HNOs — HNOs + H-0 0
(16) 3e~ + 3H" + HNOsz —> NO + 2H,0 30k
(17) Y4e- + 4H" + HNOs — 1/2 NoO + 5/2 H,O0 113.5
(18) 5e- + S5HY + HNOs—>1/2 Ns + 3Hs0 01

Unless reaction 18 predominates, gas volume measurements are

not very accurate because of at least partial solubility of

NOz, NO, and N30. NO can be found along with N0 and N by

VPC studies, if it is present in product gas. If a combination
of reactions are occurring, NOsz~ analysis of the solution offers
the most accurate information.

For HNOsz as both oxidant and electrolyte, and with HzSO4 electrolytes,
the predominant product seems to be NO. In 5M HNOs, NOs~ concentra-
tions indicate about a 3.2-electron change. About 4% N, is found

in product gas with 4M HNOs, while NOz~ tests show about 3.5-electron
change. At high temperatures NO; 1s initially produced, but when
saturated, the reaction shifts to NO (Table 19).

61



D. FULL-CELL STUDIES

1. Soluble NoH4-HNOsz Cell

The work on complete cells was started by building a hydrazine/
nitric acid cell and a hydrazine/dinirogen tetroxide cell.

Figure 11 shows the hydrazine/nitric acid cell. The anolyte
was an aqueous solution of 1M NpH4 and 5M HaPO4. The catholyte
was UM HNOs. An anion ion-exchange membrane prevented gross
mixing of the reactants.

A Au on stainless steel mesh cathode and a Pt on stainless steel

~ mesh anode, both 1 cm2 in geometrical area, were fabricated. The

cell was made of Lucite and contained about 15 ml in each compart-
ment. This simple arrangement showed feasibility from the stand-
point of open-cell voltage and electrode polarization characteristics.

The open-circuit ¥oltages for three different runs were 0.88 volt,
0.90 volt and 0.91 volt, in good agreement with the half cell
results.

The total polarization, determined with a Kordesch-Marko (KM) bridge
at 100 ma/cm2, was 0.4 volt from open circuit, also in good
agreement with the half cell data.

Next, a HNOs3-NoH. system was tried using a porous carbon cathode
against a cation exchange membrane. Against the other side of
the cation exchange membrane was a Pt-on-SS mesh anode.

In Table 20 the data for the cell are shown. The individual
electrode potentials were also measured (IR free) along with

the full cell voltage with and without IR drop. The cell ran
for two hours at currents from 20 ma to 90 ma. However, the
cell potential fell off because of failure of the HNOz compart-
ment, presumably because of filling of the carbon electrode with
product gas. Full-cell potentials at 40 to 80 ma were very low
because of poor cathode performance.

*Where IR-free measurements were desired, the cell was driven
and potential measurements were made by a Kordesch~Markoobridge;.

otherwise cells were discharged through a variable resistance at
constant current.
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Oxidant
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Table 20

HNOs - NpH. FULL CELL

- 5M HNO5; electrode, porous carbon

- 1M NsHy4 in 5M HgPOs.
- Tonic’s Cation exchange membrane - 61AZL-183

Temperature- 40°C.

Electrode,

FC-13, 2.5 cm2 area
Pt/SS 100 mesh,1.8 cm? area

Total Full cell

Time, Current, voltage, volts Anode* Cathode*
min. ma With IR Without IR* vs HE, volts vs HE, volts

0 0.C. +0.8%4 +0.84 +0.20 +1.04

12 20 +0.57 +0.64 +0.35 +0.97

34 40 +0.31 +0.45 +0. 44 +0.89

50 80 0 +0.21 +0.46 +0.67

70 92 -0.29 +0.02 +0.48 +0.50
126 60 -0.08 +0.16 +0.50 +0.66

Discontinued because of poor cathode potential.

*TR Free, and anode and cathode potentials measured with

Kordesch-Marko Bridge.

Cells were also run using a porous carbon flow-through electrode

with 5M HNOs. With this system, the HNOz electrode maintained

a potential
The IR drop
between the

2.

Soluble

of +1.00 volt vs HE even at high current densitiles.
was higher because there was another compartment
carbon electrode and the ion exchange membrane.

NoHy - Vapor NzO4 Full Cell

Figure 12 shows the hydrazine-N=04cell.

[ The cathode was a porous
carbon disk (Pure Carbon FC-1%) with a tantalum lead.

The anode

was a disk of 100-mesh stainless steel plated with platinum.

Geometrical areas were 2.54 and 1.8 cm2, respectively.

was a 1M solution of NoHs4 in 5M HsPOs.
HaPO4 electrolyte compartments was a cation exchange membrane

(Ionics, Inc.)

cell compartments.
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Open-circuit voltages were O.75 volt with this cell. At current
densities of 30 ma/cm2 (based on anode area), IR drop was about
0.25 volt when a small flow of electrolyte was maintained. With
the electrolyte flow maintained, the cell was operated as
described above for a period of 5C minutes without substantial
change.

Results for a similar cell are shown in Table 21. Individual
half-cell potentials were not measured. The open-circuit voltage 1s
approximately that predicted from half-cell tests with acidic
electrolytes. Values of full cell potential were measured with
and without a Kordesch-Marko bridge, whicheliminates IR drop.

The difference between the two indicates the IR drop. The cell
was run for 1/2 hour at 50 ma total current until potential
collapsed. The full cell potential from the bridge dropped from
+0.67 to +0.61 volt in that period, while the full cell potential
including IR drop increased from +0.25 to +0.32 volt, indicating
a decrease in cell resistance.

Table 21

N0z - NgHg FULL CELL

Oxidant - N;0O4 gas electrode, FC-13% porous carbon electrode, 2.5 cm2
Fuel - 1M NoHs electrode, 1.5 em2 Pt/SS 100 mesh
Electrolyte - B5M HzPO. for both fuel and oxidant
Separator - Ionic’s Cation Exchange membrane
Temperature - 30°C
Cell voltage, volts
Time, min Total Current, ma With IR IR Free
0 0.C. +0.83 +0.83
2 2 +0.80 +0.80
il 10 +0.69 +0.76
6 20 +0.57 +0.72
8 50 +0.25 - +0.67
20 50 +0.26 +0.59
50 50 +0.32 +0.61

Voltage deteriorated affter 50 min.,
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A number of variations using N,04 gas electrode without a large
liquid compartment were tried. In once instance, the porous carbon
was placed against the lon exchange membrane. Open-circult voltages
were about the same as with the cell described above, but the
electrode polarized with very small currents, because of lack of

a gas-electrolyte interface. 1In another variation, asbestos was

put between the porous carbon electrode and the ion exchange
membrane and was continually soaked with electrolyte. This
performed better iniftially; however, gas products eventually

built up and the cell polarized badly.

A N0O4-NoH4 cell was set up using 1M KOH electrolyte. Open-circuilt
voltage was +1.8 volts, which was expected from half-cell runs.

The data are shown in Table 22. Because of gross leakages,
pPressure was not maintained on the cathode as in the half-cell
runs, and the electrode did not perform in the same manner.

Table 22

N»O4 - NpH4 FULL CELL

Oxidant - N»04 gas, porous carbon FC—14 electrode, 2.5 cm®
Fuel - 1M N2H4,,Pt/Ni porous electrode 2.5 cm? area
Electrolyte- 1M KOH for both fuel and oxidant with separator
Separator - Ionics, Inc. Cation exchange membrane

Temperature- 25°C

Voltage, volts

Time, Total Full Cell Anode* Cathode¥*
min Current, ma With IR IR Free* vs HE vs HE
0 0.C. +1.86 +1.86 +0.02 +1.88
3 10 +1.78 +1.85 +0.03 +1.86
8 20 +1.65 +1.80 +0.03 +1.82
19 50 +1.36 +1.70 +0.04 +1.73
25 50 +1.11 +1.56 +0.04 +1.53%
L3 20 +1.43 +1.57 +0.04 +1.60
60 30 +0.68 +0.90 +0.06 +0.96

*¥Values measured with Kordesch-Marko Bridge.
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This initial attempt at full cells drew attention to the main
construction requirements that must simultaneously be satisfied:

(1) Provide and maintain three-phase contact with the
catalyst surface.

(2) Provide a means of escape for the reaction products
from the catalyst surface.

(3) Maintain sufficient but not excessive feed of
reactants to the catalyzed electrode.

3, Porous Teflon Vapor Electrode Full Cells with Electrolyté

At this point a new concept in electrode construction offered, in
theory, a solution to the problem areas outlined above. This
electrode is termed the "porous Teflon vapor diffusion electrode."
This electrode, schematically depicted in Figure 13 as it

appeared in the initial full-cell trials, consisted of porous
Teflon, one side impregnated with catalyst, pressed against a
perforated stainless steel plate acting as current collector,
physical support, and means of preventing the catalyst from being
abraded. In theory the Teflon serves as a barrier to nonwetting
liguids such as hydrazine hydrate and nitric acid. However, the
reactants can diffuse through the pores to the electrode as vapor.
Thus, gaseous products can diffuse away from the electrode without
hindrance from bulk liquid.

These electrodes were made by spreading catalyst on a disk of
porous Teflon and overlaying this with a perforated stainless
steel sheet that had the same catalyst black plating. This
sandwich was pressed at 1400 psi at room temperature. The

304 stainless steel sheet was 0.004 in. thick with 0.014 in.
holes comprising 65% open area; it was manufactured by
Perforated Products, Inc. The catalyst for the anode was

35 mg/cm2 of rhodium or platinum black and for the anode was

35 mg/cm2 of platinum black or powdered gold (001—10 microns).
Initially, the porous Teflon was 9-micron pore, 1/16 in. thick,
manufactured by Pall Corporation. Electrodes of this type
were then used without any separator for both fuel and oxidant,
with an electrolyte in between, consisting of either 5M H2S04,
1M HsPO4, 1M KOH, or 1M NapoSO4, thus providing three different
pH's. NzHs-H20 (85%) was used to feed fuel in the vapor state
to the electrode;, while 95% HNOs was used in the same manner
for oxidant. Ns04 was fed as a gas to the back side of the
oxidant Teflon electrode. Hz20z %BQ% aqueous solution) was also
tested as feed for either Hz02 or Oz gas.
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Many different c2ils comparing thess variables were set up,
with a Luggin capillary seft infto eiectrolyte solution so that
half-cell and full-cell potentials could be measured. A
Kordesch-Marko bridge gave IR-frase messurements cof these
potentials.

The results obtained indicated that the mechanical parameters
of the system were more lmportant than the specific catalysts
used for each half cell. That is, Pt, Rh, Ru blacks made
1ittle or no difference in the half cell characteristics.

Difficulty in controlling the vapor ftransport of both fuel
and oxidant at a given temperalure led to contamination of
the electrolyte and eventually deteriorated one of the
electrodes severely.

Table 23 gilves open-circuit voltages and the best performance
obtalined with specific full-cell systems. The mechanical
imperfections in the design of the electrodes led to a new
procedure for making them, which is described in Appendix A-2.

4, Porous Teflon Vapor Electrode-NoHa-Soluble HNOg
Full Cells with Caticn Exchange Membrane

Previous experimenfts demonstrated that the porous Teflon
electrode worked for both the anode and cathode. However,

the problem of electrolyte deterioration remained. The

diffusion of the reactants into the electrolyte also deteriorated
electrode performance. Therefore, to investigate the performance
of this type of electrode in the absence of the effects of
diffusion, a caftion exchange membrane in direct contact with

the anode was used to separate the compartments. Thus, the

only material transporfted to the Rh/SS mesh electrode pressed
between the opposite sides of tne Teflon and a cation exchange
membrane consisted of NpH,. and H-C vaper (Pigure 14).

On the opposite side of the ion exchange membrane was the
oxidant solution, consisting of either 5M HNOs or 1M HNOs5
and 5M HsS04. A ILuggin capillary with the oxidant solution
as a bridge to a calomel referencze electrode was situated
next to the membrane.

A Kordesch-Marko bridge was used ¢ measure IR-free potentials.
The anode half cell, cathode nhalf cell, and full-cell potentials
without IR drop could alsc be measured. Furthermore, the
approximate resistance of the membrane was found by measuring
the anode potential including IR drop and subtracting the

~l
o



l

Table 23

FULL CELL DATA FROM TEPLON POROUS VAPOR DIFFUSION ELECTRODES

Potential vs HE*

' Current at same PH and Temp
Densilty Elect- Anode Cathode Full Temp

Anode Cathode (ma/cm2) rolyte Feed Feed Anode Cathode Cell °c
Rh Au 0 5MH2S04 85§ NaHe,H20 70 HNOa +0.27 +1.10 0.83 50
" " 20 " v " +0.45 +1.06 0.61 70
Pt Au 0 " " " +0.26 +1.17 0.91 70
" " 20 " » " +0.45 +1.05 0.60
Pt Au 0 1MH3PO4 " " +0.17 +1.00 0.8% o
" " 8 " " " +0.21 +40.90 0.0 90
Pt/Ru/ Pt "0 - 5MKOH " 306 H202 +0.22 +1.02 0.80 N,
A _
" u " ‘-I- " " " +O. 16 +0. 90 O. .ru
Pt/Ru/ Au 0 " " N20,  +0.43 +1.47 1.03 e
Ay

" 8 n " " +0.60 +1.59 40.99 96
* IR Free

T1
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IR free anode potential. TheAE/I was the approximate membrane
resistance.

The cathode was set about 10 cm from the ion exchange membrane, .
and was a gold/stainless steel (Au/SS) mesh.

The advantages of these quasi-full cell arrangements were the
following:

1. IR-free potentials for each electrode could be
determined.

2. Values for membrane or separator resistance under.
full-cell conditions could be determined.

5. Problems of short circuiting of cell were eliminated
so that basic investigations of full cell systems
could be made.

4, Leakage problems were absent.

The full-cell open circuit potential at 60°C varied between 1.50
and 1.55 volts. The anode potential was -0.38 volt versus the
standard hydrogen electrode (SHE) while the HNOs potential was

+1.12 volts vs SHE. This high potential was probably due to the

PH difference between the anode and cathode. Under these conditions
the current was probably carried by NoHst. This results in loss of
N-Hs by neutralization.

The performance of the cell was highly dependent on the temperature;
an elevated temperature was needed to raise the vapor pressure \
of the hydrazine fuel. At 30°C the open-circuit potential was
+1.42 volts and at 60°C the cell showed a polarization of less
than 0.1 volt up to 50 ma/cm2. For experimental reasons we

could not increase the current further, although the IR-free
voltages were still very good. At 30°C the full-cell potential
dropped off at over 1 ma/cm2, because of anode failure. This
temperature dependence is an excellent indication that the N=Hg
is being transferred as a vapor, and that it is also being used
in that form, for the vapor pressure of NoHs in HoO increases
exponentially with the temperature (see Figure 153.

Over a 48-hour period of discontinuous usage, which included two
4-hour periods of continuous drain at 20 ma/cm2, the full-cell
potential decreased by only 0.08 volt, all of which occurred at
the anode (see Figure 16).
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5. Porous Teflon Vapor Electrode Full Cell with Ion
Exchange Membrane

The next step was to eliminate liguid electrolyte in a full cell
by placing the electrodes against the opposite sides of a cation
exchange membrane. Figure 17 illustrates the type of construction

cused in full cells employing an lon exchange membrane as separator. .

The perforated steel sheet (retaining mesh provided good
continuous contact with the cation exchange membrane type
61-AZ1-18% (sulfonated polystyrene on a Dyneﬂ@ backing) manu-
factured by Ionics, Inc. Further contact between the catalyst
and ion exchange membrane was provided by a liquid film (HoO +
NoHs) which diffused to the anode and condensed, while H,0 was
formed as a consequence of the electrochemical reaction at the
cathode. This insured three phase contact.

The electrode backing was a Teflon-impregnated cloth 0.006 in.
thick with 15-micron pores (type TV-20A-40, manufactured by
Pallflex Products, Division of Pall Corporation). The active
electrode area was 2.85 cm2.

Three sequences of experiments were run to establish the
advantages and limitations of the porous Teflon electrodes
in combination with an ion exchange membrane. Refinements
were sacrificed to cover ground and establish feasible areas
for future investigations.

a. Porous Teflon with Cation Exchange Membrane
(Sequence I, Table 24)

In sequence I, 9-micron, 1/16 in. thick porous Teflon was used
in the construction of the electrodes. In the full cell the
cation exchange membrane was used and the cell was operated at
90°C. This sequence established:

1. Porous Teflon electrodes can be used for the anode and
cathode in a full cell operating on 85% hydrazine hydrate and
concentrated nitric acid employing a cation exchange membrane
as electrolyte and separator.

2. Using this electrode construction with the ion exchange
membrane , neglipgible spontaneous decomposition of the hydrazine
occurred compared with the direct immersion of the active
electrode surface in liquid hydrazine hydrate.
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3. Monomethylhydrazine could be used directly at the
same anode used for hydrazine with the cation exchange membrane.

4, Dinitrogen tetroxide did not replace nitric acid; this
evidently shows the need for a water film at the interface®
However, this result does not exclude dinitrogen tetroxide if
other modifications are allowed (e.g., HoSO4 electrolyte).

5. An asbestos mat saturated with 5N H»SO4, used as
separator, was much inferior to the cation exchange membrane;
the open-circuit voltage was 0.5 volt less, the cell would
support virtually no current, and the mat permitted gross
diffusion of the hydrazine.

b. Teflon-Impregnated Cloth
{Sequence II, Table 25)

In sequence II, run at 30°C, Teflon-impregnated cloth was used in
the electrode construction. This offered much less resistance
to the diffusion of the reactant vapors than the porous Teflon
employed in Sequence I. The same set of electrodes was used
throughout the three runs over an eight-day period. The cation
exchange membranes were replaced as needed. To obtain half-
cell performance, asbestos saturated with 1N H-S04 was sandwiched
between two cation exchange membranes. A hypodermic needle
attached to a syringe containing 1N H-SO. was inserted into

the asbestos and a reference electrode was set in the syringe,
(Figure 18). FPigure 19 shows the short-term performance of this
cell. 1In general, the half cells added up to the full cell,
while the absclute half-cell potentials shifted with fime and
the direction from which a given current was approached. This
sequence established that:

1. Resistance to diffusion of the reactant vapors greatly
influences electrode performance. This cell performed better
at 30°C in terms of full-cell voltage and polarization than the
Sequence I cell did at 90°C using the thicker and less porous
Teflon.

2. With good separation in terms of interdiffusion of
reactants, no spontaneous decomposition of reactants was evident.
If the separator failed and allowed diffusion betweeh anode
and cathode, the voltage dropped and spontaneous gassing occurred.

3. The voltage rose rapidly after addition of reactants
(Figure 20).

*See Table 24
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Full-Cell Open-Circult Voltage
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Figure 20. Voltage Rise After Addition of Reactants
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4y, The electrodes after 8 days’ use retained their performance

at 17.5 ma/cm2.

5. All of the polarization at, 17.5 ma/cm2 took place in 6
hours (Figure 21). For the remainder of the 30-hour run the
voltages stayed constant. '

c. Teflon Electrode with Dual Ion Exchange Membrane
{Sequence 111, Table 2b)

In oequence IIT a set of electrodes identical to, those of
Sequence’ IT was used: ' This series of runs established that

an anion. exchange memprané could be used in place of the cation
exchange membrane or in coembination with the cation membrane
and still yield similar dpen-circult voltages. However,
polarization as a function of current was greater than with
just the cation exchange membrane. Monomethylhydrazine was

run with nitric acid and ‘an anion exchange membrane at 30°C.

These experIments 1ndlcated that fthe porous Teflon electrode

was stable and versatile." However, .the open-circuit voltages

of 1.7 volts were unexpected and at first were believed due to

a pH difference across the separator. Analysis showed that if

Ht or OH~ was the current-carrying 1on, the pH.difference would s
not contribute to the full-cell potential. However, if more than
one ion carried the current or.if cations and anions other than
Ht or QH™ carried the current, then the pH difference contributed
to the full-cell potential. With the eation exgchange membrane,
it wag suspected that current was being’'carried by the NoHst

ion, thus accounting for the high-voltage. To cheek.the
disappearance of reactants by diffusion and decomposition, a

full cell was set up with the porous Teflon»electrodes and one
cation exchange membrane Thig - cell was filled w1th electrolyte
and examined at no load.’ To prevent leakage, the junction of the
~electrodes and cation membrane wag sealed with paraffln Samples
of the reactants were w1thdrawn and titrated. Figure 22 shows

the disappearance of reactants. For hydra21ne this rate was 0.00121
moles per hour per squars . centlmeter *which if used electrochemlcally

could prov1de i -

-

0.00121 mole 4 equi{z'alents.x 96,500 coulombs® - _hr_
hr : mole . equlvalent . 360 'sec
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For nitric acid the rate of disappearance was 0.00082 moles/hr/cm2.

Because the electron change was not known this figure could not be
used to check the hydrazine disappearance or to establish the
amount decomposed versus the amount diffused. We assumed most

of the reactants disappeared because hydrazine diffused to the
cathode compartment to react directly with the nitric acid.

At this point 1t became necessary to use the new electrode
construction described in the Appendix A-3. Previously the
catalyst was prepared by reducing soluble salts of rhodium
and gold with hydrazine. Using catalyst prepared this way no
problem of separation of the Teflon-impregnated cloth and
perforated steel was encountereds yieiding a simple and easily
constructed electrode. Use of the commercial rhodium black and
powdered gold saved preparation labor but separation of the
cloth and steel occurred after a few minutes’ operation in a
full cell because of the formation of gas pockets. The new
electrode prevented this separation.

Figure 23 shows the short-term polarization of a full cell

using the new electrode construction and a cation exchange
membrane. Figure 24 shows the rate of disappearance of
reactants for the above cell at 17.5 ma/cm®. The rate of
disappearance of reactants was greater than for the cell
standing at no load, so i1t appears that in this case N2H5+

was the current carrying species. This would contribute to x
the full-cell voltage as explained in the theoretical discussion.
This fact would result in excessive use of reactants, which is
the main disadvantage of this system. However, the following
other advantages of the porous Teflon vapor diffusion electrode
in combination with an ion exchange membrane separator still
remain:

1. Storage of the concentrated reactants adjacent to the
Teflon is possible without excessive spontaneous decomposition
occurring, eliminating many problems associated with the pumping
and feeding of reactants to electrodes.

2. If hydrogen peroxide can be used in combination with an
anion exchange membrane, it 1s probable that OH™ from the electro-
chemical reduction of Hs05 would be the sole current carrying ion,
thus eliminating waste of reactants due to diffusion of ilons
other than those formed electrochemically. The same argument
applies to the direct use of hydrogen at the anode in combination
with a cation exchange membrane.

¥3ee Section IV-E
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VI. FUEL CELL ELECTRODES IN NONAQUEOUS ELECTROLYTES

The purpose of this investigation was to determine the feasibility
of using nonaqueous electrolytes in fuel cells. Although water has
many advantages for'use as a fuel-cell solvent for electrolyte (its
excellent ionizing ability and economy, for example) special
applications of fuel cells may warrant the use of solvats other than
water. For instance, water solutions will freeze or become viscous
at arctic temperatures or will boil above 100°C. The reactivity

of water with many active metals excludes their use in a&ueous
systems. Some potent oxidizers react with water and therefore
canmnot be used as cathodic materials in aqueous systems. The use
of rnonaqueous electrolytes may broaden the temperature limitations
of fuel cells as well as permit use of some powerful oxidizers or
reducing materials that decompose water.

Two nonaqueous solvent systems Were investigated:

glg anhydrous hydrogen fluoride (AHF) and fluoride salts, and
2 anhydrous organic solvents.

A. ANHYDROUS HYDROGEN FLUORIDE SYSTEMS

Although little electrochemical work has been done on solutions

in hydrogen fluoride, it 1s & likely candidate for such studies.
Because of its high dielectric constant (66), hydrogen fluoride

would be expected to dissolve some salts fo form conducting solutions.
A striking analogy exists between (1) hydrogen fluoride and metal
fluorides, and (2) water and metal oxides or hydroxides. Because

of the considerable advances in fluorine chemistry and the improve-
ment of materials of construction, the use of fluorine electro-
chemical systems should be considered,particularly for specialized
application.

The most potent oxidizers known, elemental fluorine and chlorine
trifluoride, are vocket fuel candidates and may conceivably be
used as electrochean ical oxidants for the production of electrical
power in the rok et being propelled. Since fluorine is the most
active oxidant, only completely fluorinated materials such as
hydrogen fluoride or fluoride salts can be considered as solvents.
or electrolytes for fluorine or chlorine trifluoride oxidants.
Since such fuels as hydrogen and hydrazine are compatible with
hydrogen fluoride, 1t is possible that a fuel cell can be devised
T uses fluorine or chlorine trifluoride as the oxidant and hydrogen
or hydrazine as the reductant.
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Chlorine trifluoride (CTF) and anhydrous hydrazine were selected
as reactants for this exploré&tory investigation. Their reactions
in a fuel cell were postulafed to be:

Anode) NoHa E g + 47‘+ + ‘4e"
Cathode) ClFs (g) — cf@ - e~

(Cell) ClFs (g) + NgHy (1)=»Nz + HC1 + 3HF
A F° = -223 Kcal
E° = 2.42 volts

Energy Density = 950 watt-hours/1lb.

‘The unusually high maximum voltage of this combination is one of
tpe interesting aspects of using CTF as a cathodic material,

The initial phase of this investigation was concerned with the
cathodic reduction of CTF and the anodic oxidation of hydrazine
in AHF and in fused KF-AHF melts.

1. Anodic Oxidation of Hydrazine in Anhydrous Hydrogen Fluoride

The anodic polarization of catalyzed electrodes in contact with a
1M solution of hydrazine dihydrogen fluoride (HDHF) that was 0.5M
in sodium fluoride was meazured with the apparatus shown in
Figure 25.

The Teflon cell, designed for half-cell measurements of polarized
electrodes, contained the test electrode of platinum or carbon,
v reference electrode, and a platinum or carbon polarizing electrode.

A mercury thermometer in the helf cell was protected by a thermowell
of Kel-F tubing. A slow stream of dry nitrogen passed through the
cell to suppress atmospheriz c@ﬁtamination. The test electrecde

was a platinum rectangle of 1 cm? total area spot welded to a
platinum lead and plated with the cetalyst metal under investigatdon.*
The catalyzed electrodes were mounted in Teflon holders that could

be inserted, one &t a time, in the solution of HDHF in AHF-NaF
contained in the Teflon half cell (Figure 25)

’

*Details of electrode and referernce electrode preparation are given
in the Appendix.
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Electrode \
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Fuel or Oxidant
Solution in AHF

Counter
Electrode

Figure 25. Anhydrous Hydrogen Fluoride Cell
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The following test electrodes were used: carbon, platinum, and
platinum plated with platinum black, gold, paliadium, ruthenium,
and iridium. The data are shown in Figure 26. The best electrodes
(those showing least polarization for a given curerent density)

were carbon and platinized platinum. The uncatalyzed platinum,
iridized platinum, and ruthenized platinum electrodes polarized
severely under the test conditions.

Since hydrazine. dihydrogen fluoride 1tself is an electrolyte,
NoHy - 2HF = NoEs™t + HF o~

one series was run in which HDHF served the dual role of fuel
and electrolyte. Anodic polarization results are plotted in.
Figure 27. Results were somewhat better than those 1in which
sodium fluoride electrolyte was added (Figure 26). Carbon and
platinized platinum electrodes showed the least polarization.
These electrodes withstood current densities of 20 ma/cm2 with
0.5 volt polarization. Unplatinized platinum and iridium were
most severely polarized &t a given current density.

2. Cathodic Reduction of Dinitrogen Tetroxide in Anhydrous
Hydrogen Fluoride

Cathodic polarizatilon experiments were conducted in solutions of
dinitrogen tetroxide (Nz204) in anhydrous hydrogen fluoride (AHF).

Solutions were made 0.5M in sodium fluoride to improve the
electrolytic conductance. Cathodic polarization curves for

various electrode materials in contact with the N-04 solutions in
EHF are shown in Figure 28. The best cathodes (least polarization)
were the ruthenized and platinized platinum and carbon electrodes.
Cathode current densities as high as 100 ma/cm® were obtained with a
polarization of 0.5 volt from the open-circuit potential. The
polarized potentials, however, were too low to be of interest for a
practical fuel cell. Also, the production of water as a result of
N204 reduction,

N204 + 4HF + e = 2NO + 2H20 + U4F~

would contaminate the initial anhydrous system. No further work is
planned on the use of N204 as an oxidizer in AHF solutions.

ok

=



oplaonT usfoapfky snoapAyuy UT SUTZRAPAH W T JO UOT3BPIXO OTpouy 92 8andia

mEo\dE f£qTsUlg 3usIaAnD

5 L G0 1°0  G0°0 0
T | 4
OVvegIfw B k
34/31 @ L 3w ¥ |
1d/0d ¢ 9 3dfid e
3d/pd B G o [
2pop
UMn toanjeasdwa],
YHeN : Tong
mﬁz,zhm.o :93LT70a3300TH
dH snoapAyuy : JUIATOS
2

-

G o-

S0

apoJd3}0o T UsB0apAH °SA TBT3IUS304 9POIIOSTH

95



_wvahosH& uaBoaphy snoapfyuy ufl aulzedplH JO UOT3IBPTXO Qﬁcoc< *J2 aan3Td

0Q1 0)°] 02 A_uﬁ m_ 2 [ qQ 2°Q 10 R
w Oom_ reanjegadud]
YHSEN WT- :Teng
..... T SUON T P94 ATOI308TH
gnoapAyuy : 3USATOS o
S
[¢)
Y 2
0 i
[\})
T.._
' <
w0
4 : G*0
1 : F
— = F o,
c ) Q«w N
o'rT =
" q A N/ m
9 AT &
Pm - .w Am..ﬁ w
3d/ud V L o
| 34/41 O °9 ®
8 34 /0y u e
T 3d/pd T
13/mg O ‘¢ {0°2
3d/3d a ‘2
uoqued v ‘1
apoD
AV




mUHpozﬂm ueB0apAH snoapAyuy UT OPTX0J948] Us30Jd3TUTQ JO UOTIONPSY OTPOYIB) Q2 <andTd

NEo\mE ¢ £qTsusg jusaan)

00T 0§ 02 0T g > I <o e o o
- N A

_ { =

I

()]

. 0,6 :eanjeasdua o

| _ YO]N W 0°T ~ 13UBDpIX0 B 3

1 TENW G0 ¢ mu%._.\OFHHOMHE. g°0- W

JdH snoapfiyuy $JUSATOS g

| O

ct

. _ 2

- i\rlr : i o.o m

- , o -

- g 4 m
Y 2 . G0 —
T = 5 -

g | | w

: | 2

7o Pt S

3d/ud VvV . =

3d B ‘9 H

3d/pd 8 °G S

1d/0y B8 Cf o

0¥ ¢ S

3d/3d B 2 ®

d/md o T
9p0)
N A

lll--llll'l-llll"&\



3. Cathodic Reduction of Chlorire Trifluoride in Anhydrous
Hydrogen Flupride

The apparatus used for stulyinrg the cathodic polarization of electro-
des in chlorine trifluoride (JTF) solution was similar to that

used with N20s studies except that a Dry Ice~carbon tetrachloride
cooling bath was used instead of an ice bath because of the violent
reactivity of CTF with water. AHF solutions were made £.5M in

sodilum fluoride to improve the conductance of CTF-AHF solutions.

(See Table 27).

Polarization studies at the platiriczed platinum and gold-plated
platinum electrodes are shown in Figure 29. Both electrodes
carried a current density of 100 ma/em® with 0.5 volt polarization
at 5°C. TMhe potential of the platinized electrode was better thah
that of the gold-plated electrode. EBoth electrode potentils were

much better than those obtaired using Nz2Cs a2s the oxidant (Figure 28).

The plated gold on the platinum cathode as well as the platinum
and carbon counter electrodes were notirzeably attacked in the CTF
solution. Further work is required to find materials that will
withstand the oxidizing action of CTF and fluorine in AHF solution.

4. Anodic Oxidation of Fydwazine irn Molten Mixtures of .Anhydrous
Hydrogen Fluoride and Poitsassiun Fluoride

Molten mixtures of anhydrous hydrogen fluoride (AHF) and potassium
fluoride were used as electrolytes for the anodic oxldation of
hydrazine dihydrogen fluoride (YLDHF). The boiling temperature of
AHF can be increased from 19°C to 66°C by dissolving one mole of
potassium fluoride in three moles of 8¥F. Potassium fluoride and
AHF form a series of compounds with melfting points within the range
of 78 + 5°C over the composition range from 37% to 60% KF (ref. 20).
Such compositions are ele:irslyte zandidates for hydrazine oxidation
.28 well as for fluorine and JTF reduction at temperatures in the
vicinity of 85°C. The advantages of using salt mixtures at 85°C
instead of AHF at 5°C as an electrolyte for cathodic CTF-reduction.
include the lower solubility of [TF at the higher temperature (73°C
above 1fs boiling temperzture) s the greater reactivity associated
with the higher tempersaure. =
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The composition KF*3HF was prepared by slowly stirring small
increments of potassium bifluoride into liquid AHF in a tared

Teflon flask. Polarization measurements were made 1in apparatus.
similar to that shown in Figure 25 except that a stalnless steel
beaker was used as a container instead of Teflon because of the

better thermal conduction of the metal. Sufficient HDHF was

weighed into the molten salt to make 1t 1M 1n hydrazine. The

assembly was lmmersed in a fluidized sand thermostat for temperature
regulation: at 859C. The cell was purged with dry nitrogen to exclude
air and moisture.

Rhodium and ruthenium-plated platinum were the best anodes for
oxidation of hydrazine in AHF ( §ure 30) Both materlals sustained
current densities up to 100 ma/cm at a polarization of 0.5 volt

at 85°C. Carbon, plain platinum, and gold-plated platinum polarized
badly at very low current densities.

5. Cathodic Reduction of Chlorine Trifluoride in Molten Mixtures
of Anhydrous Hydrogen Fluoride and Potassium Fluoride

The apparatus used for studying the cathodic reduction of CTF in
AHF-KF melts was identical to that used for polarization studies
of hydrazine in these melts at 85°C.

Since the melting point of KF:3HF (66°C) is higher than the boiling
temperature of CTF the oxidant was fed to the cell as a gas when
operating at 85 C. The CTF gas was slowly bubbled into the molten
KF:3HF melt directly below the solid catalyzed platinum electrode.
The void space above the melt was continuously purged with dry
nitrogen to exclude air and molsture.

The most effective cathode material for CTF reduction in molten
KF+3HF at 850C was carbon (Figure 31). The current-voltage curve
was flat up to a current density of 2 ma/ecm® but fell sharply at
higher currents. Solid platinum electrodes electroplated with
rhodium, iridium, gold, and platinum black had somewhat lower
potentials and polarized at the same current density of 2 ma/cm2.
Potentials of all these cathodes up to cugrent densities of 2 ma /cm2
were higher than those of CTF in AHF at 5 C (see Figure 29).
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6. Chlorine Trifluoride Compatibility with Hydrazine in Anhydrous
Hydrogen Fluoride

Since chlorine trifluoride (CTF) and anhydrous hydrazine mixtures

are ‘hypergolic (ref. 20-A), some concentration limits of compatibility
were determined in liquid anhydrous hydrogen fluoride (AHF) solution.
Compatibiility between these materials is particularly important

in full cells where anolyte and catholyte mixing may occur by
diffusion through the separator. CTF solutions in AHF at -23°C

were mixed with hydrazine dihydrogen fluoride (HDHF) solutions in BRHF
at several concentrations in an open Xel-F test tube. Starting at

3M CTF with 2M HDHF, all mixtures reacted explosively when one
solution was added dropwise to the other at -23°C, except those of

1M concentrations. In the latter case, a mild crackling noise was
heard on addition of the first few drops of CTF tothe HDHF solution.
Otherwise, no vigorous reaction or gas liberation was observed, even
on warming the mixture to approximately 20°C. The CTF-HDHF solution
became yellow (CTF in AHF is faintly yellow) and gave a positive

test for oxidizer with moistened starch-potassium iodide paper. Low-
concentration catholyte-anolyte mixing may be tolerable. Some of

the vigorous reaction that occurs on mixing these materials may be
caused by the reaction of CTF with traces of water in the HD
solution. Commercizl hydrogen fluorice was used for all runs.

B. NONAQUEOUS ORGAN.C SYSTEMS

1. Conductance Measurements

The organic solvents chosen for study were acetonitrile, N,N-dimethyl-
formamide (DMF), prorylene carbonate, and pyridine. The solvents
enployed were all of good, commercilly availiable quality and were

used without further purificaticn. These solvents are known to
furnish conducting solutions with meny inorganic salts. The inorganic
salts were dried at elevated temperatures for three days. Speglfic
conductance measurements were carried out using a Model 250-DA
Electromeasurements, Inc., impedance bridge with a General Radie
Precision Condensger 0.1100 puf, and an Esi Model 855-A1 oscillator-
amplifier. The cell constant of a dip-type conductance cell was
determined employing 0.1 demal XC1 at 25°C.* The specific conductance
in ohm=! cm™! of various solvent-szlt electrolytes are listed in

Table 28. The conductances of electrolytes and N20s in nonagqueous
solvents are given in Table 29,

Considering conductivity alcne, acetoritrile and DMF are superior to
propylene carbonabe and pyridine as solvents, and KSCN and Mg(Cl04)2
are superior to CeHsSOsNa as salts. The Ag/AgCl electrode was

selected as the.reference electrode for half cell studies because of

*

0.1 D = 7.4789 gram KC1/1000 gm HzO.
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Table 28

ELECTRICAL CONDUCTANCE OF SALTS DISSOLVED IN NONAQUEOUS ORGANIC MEDIA

Salt

 None

KSCN
Mg (C104)2

KC1

NH.C1
(CH3)4NC1
CeHsS0sNa

None
KSCN

Mg (C104)2

KC1

NH4C1
(CHs )aNC1
CeHsSOsNa

None
KSCN
Mg (C104)2

KC1

NH4C1
(CHa )4NC1
CsHssOSNa

None

KSCN

Mg (C104) 5
KC1

‘NH.C1

(CH3)aNC1

CaH5SOsNa

Weight, (g)

Specific

Comments

Per 100 cc Conductivity at 25°C
Solvent ~ ohm~1 em”?
Solvent - Acetonltrile
- 6.4 x 10-7
10 2.8 x 10~2
5 1.9 x 1072
10 2.8 x 10-2
2 6.0 x 1073
1 2.7 x 10°5
1 56 x 10™%
5 1.6 x 10™*
Solvent - N,N-Dimethylformamide
- 3.8 x 10°°
10 2.6 x 102
5 1.2 x 10°2
10 1.9 x 1072
2 1.5 x 10
1 1.8 x 1074
1 1.5 x 10~3
5 4.8 x 1078
Solvent - Propylene Carbonate
- 6.4 x 10™"
10 7.8 x 10°8
5 4,% x 10°3
10 5.9 x 1073
2 2.4 x 1073
1 3.1 x 10°
1 4.9 x 10-*
5 8.2 x 10~°
Solvent - Pyridine
- 2.2 x 1077
5 1.5 x 1072
5 5.0 x 1073
2 1.9 x 108
1 8.8 x :
1 6.0 x 10~
5 8.2 x 10™°
105

saturated
dissolved
dissolved
saturated
saturated
saturated
saturated

dissolved
dissolved
dissolved
saturated
saturated
saturated
dissolved

dissolved
dissolved
saturated
saturated
saturated
saturated

saturated

saturated

saturated
saturated
saturated
saturated
saturated
saturated
saturated

solution

solution
solution .
solution
solution

solution
solution
solution

solution
solution
solution
solution
solution
solution

solution
solution
solution
solution
solution
solution
solution




Table 29

SPECIFIC CONDUCTANCE OF ELECTROLYTES AND
‘N204-ELECTROLYTE SOLUTIONS

Experimental

(this work) Literature

Specific

, Conductivi{y* Temp. Specific Temp. Ref.
Solution ohm-! cm” °C Conductivity °C No.
Acetonitrile (distilled
from P20s) © 1.6+0.8 x 107s 25 5,x 108 to 24,25 Several
9-x 1076 _

106 Mg(C104)2 in aceton- 2.95 x 10-2 26 2.38:x 1072 24 17
itrile 2.47 x 1072 0 .
1M N20Os4 in 10% 2.18 x 1072 0 - - -
Mg (C104)2-acetonitrile _ :
2M N2Os in 10% 2,07 x 1072 0 : - - -
Mg (C104)2~acetonitrile :
N, N-Dimethylformamide  ~O0.% x 107s 25 3.x 1078 25 18
(distilled . 2.x 1076 2l 17
10% Mg(C104)2 in di- 1.88'x 1072 25 1.59.x 1072 24 17
methylformamide
Dimethylforamide 1.39 x 1072 0 - s -
saturated with Mg(Cl04)2
oM N204 in dimethyl- 1.01 x 1072 0 - - -

formamide  8aturated
with Mg (C104)2

*Measured in calibrated 1 cm cell with an Industrial Instruments Bridge,
Model 1682. .
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its wide applicability in many nonaqueous solvent sys tems (ref. 21).
This electrode requires the presence of chloride ion in solution.

Of the three chlorides tested, (CHs)aNC1l gave higher conductivities
than eithér KCl or NH4Cl. The addition of KC1l to KSCN solutions
did not influence the specific conductivity.

2. Compatibility of Solvents with Propellants

Qualitative tests were performed to determine the compatlibility of
N2Hs and N204 with the candidate nonaqueous media. Ten ml of 1N
solutions of Nz2Hs and N>0Os were prepared to note visible signs of
reaction such as gas formation, heat release, color change, or in-
soluble product formation. Results are summarized in Table 30.

With NzHs4, clear, water-white solutions resulted for all four solvents.

A strong ammoniacal odor was observed after one day with dimethyl-
formamide, and some itdication of NHs formation was also observed in
acetonitrile. However, the rates of these reactions may not be
sufficiently fast to detract from the fuel-cell performance.

Acetonitrile and propylene carbpnate appear to be compatible with
freshly distilled N20.. Addition of N,N-dimethylformamide to liquid
N20s resulted in fuming, but the resulting solution appeared to be
relatively stable. Pyridine reacted violently with NoOs yilelding

a dark, solid residue. The three stable solutions are all bright
green. '

5. Anodic Oxidation of Hydrazine in Nonaqueous Organic Solvents

Preliminary half cell studies of the anodic oxidation of 1M NoHe
solutions were carried out employing a platinized catalyst anode

on a steel substrate and a platinum cathode. Half-cell potentids
were measured with reference to an Ag/AgCl electrode via a Luggin
capillary. Voltages were recorded at open circult and at increasing
current loads up to the point at which the potential increase .became
very rapid.

The electrolytes studled are listed in Table 31. The polarization

of the catalyst anode is illustrated in Figures 32 and 33 where half-
cell potential versus the Ag/AgCl reference electrode is plotted
versus the current density in ma/cm2.

The best anodic polarization curve occurred in the case of DMF with
tetramethylammonium chloride as the conducting salt. A current
density of 10 ma/cm? at a polarization of 0.5 volt was obtained.
Less favorable potentials at all current densities were obtained for
the other nonaqueous organic systems.
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Table 30
COMPATIBILITY OF SOME FUELS AND OXIDANTS
WITH ELECTROLYTE COMPONENT S
Key: N = no apparent reaction, some exhibit heat or cooling on
mixing '

C = complex formed

R = reaction

Fuel or Oxidant Reagent Hp02* N204 NaHg*
CHaCN N N(c) | N
CHaCN + KCNS R N
CHaCN + Mg (Cl04)2 N N
CHaCN + (CHa)eNC1 N N
CHaCN + AgCl | R
DMF N (¢)

DMF + Mg(C104)2 N N

DMF + KCNS R

DMF + AgCl R
KCNS N
Mg (C104)2 R
DMF + CAClz N
Propylene Carbonate N N
Pyridine R N

*Hp02 and Nz2Hs gassed in all electrolytes in presence of Pt/Pt. Gassing
was less than 1n aqueous media and less for NzHs than for Hz02.
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Ag/AgCl

Volts after 2 minut es vs

Half-Cell Potential,

—

_—
//

Open-Circuit

Potential
5. Propylene carbonate-KSCN-KCl -0.02
: : 6. Propylene carbonate-Mg(ClO4)z- -0.13
"056 KCl :
7. Pyridine-KSCN-KC1l -0.36
8. Pyridine-Mg(Cl04)2-KC1 -0.56
-008 .
0.1 0.2 0.5 1 2

Current Density, ma/cm-

Flgure 33. Anodic Oxidation of Hydrazine in Propylene Carbonate

and Pyridine
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Table 31

HALF-CELL STUDIES WITH 1M HYDRAZINE

Run
No. Solvent

1 Acetonitrile

2 Acetonitrile

5 N,N-Dimethylformamide
4 N,N-Dimethylformamide
5 Propylene Carbonate

6 Propylene Carbonate

7 Pyridine

8 Pyridine

4. Cathodic Reduction of Dinitro

Salt (wt g/250 ml) Comments
KSCN (12.5)-KC1 (1) dissolved
Mg (C10s)z (12.5)- dissolved
KC1 (1)

KSCN (12.5) - dissolved

(CHs)aNC1 (.5)

Baionds (1857

KSCN (12.5)-kc1 (1)

Mg (C104)2 (12.5)-
KCc1 (1)

KSCN (12.5)-KCc1 (1)

Mg (C104)2 (12.5)-
(1

4
KC1 )

ppt.'on NoHs addn.
suspension)

dissolved
dissolved
Saturated
solution

saturated solution
(suspension)

gen Tetroxide in Ngnaqueous Oprganic

Solvents

The cathodic reduction of NoOs was studied in an H-type cell with$a

k4

fine glass frit separating the anode and cathode compartments. The
working electrode was a 1 cm2 area of platinized platinum on stain-

less steel; the dummy electrode was platinum.

The anode compartment

contained only electrolyte (e.g., 25 g Mg(C104)2 per 500 ml solvent).

Half-cell potentials were measured with re
electrode via a Luggin capillary.

by anodizing a silver wire in 0.1N
The electrode was immersed into the Lu
saturated solution of (CHz)4NC1 and AgCl in the solvent.

ference to a Ag/AgCl

The Ag/AgCl electrode was prepared

HC1 for 30 minutes at 0.4 ma.
ggin assembly containing a

Voltages were recorded at open circuit and at increasing current loads
up to the point where the potential decrease became very rapid. The

cathodic reduction of 1M N204 in acetonitrile (AN) and N
formamide (N,N-DMF) containing Mg(C10. )2 was studied in

111

sN-dimethyl-
this fashion.




The voltage-current relationships (Table 3%2) measured for 1 and 2M
N=204 in 10% Mg(ClO4)2 acetonitrile at 0°C were identical, indicating
polarization was probably mostly activation polarization. Tests

of 2M N204 in saturated Mg 0104% -DMF at 0°C and in 10% Mg(ClO4)2—DMF
at 20°C are almost identical but show slightly higher polarization
than 2M N204 in acetonitrile electrolyte. The perchlorate salted
out at 0°C in DMF and the solution was bright blue, probably caused
by a complex of N2Os4 with DMF. <Complexes of acetonitrile with N204
at low temperatures are known (ref. 16). Although no reference to
the N204-DMF complex has been found in the literature, the changes
in appearance of DMF on addition of Nz04, first, a complete
discoloration,of N204, second, a bright blue color, and third, the
normal dark green color, 1ndlcate complex formatlon. The complex

is probably present in greater concentration at 0°C than at 20°C.
Since the discharge characteristics of the system are the same at O
and 20°C, the presence of the complex probably does not affect
activation polarization.

Electrolyte (10% Mg (Cl0.)z-acetonitrile) containing no fuel or
oxidant did not maintain 1 ma.

Current-voltage relationships for the reduction of N20s in anhydrous
AN and DMF are presented in Figure 34 along with measurements
conducted after the addition of successive increments of water.

It is apparent that électrodes do not polarize as rapidly in the AN -
Mg (C104)2 electrolyte as in the N,N-DMF electrolyte, and that the

AN is 2less affected by added water. Each increment of water added
increased the molarity of the solution with respect to water by 1.1,
so that the final run (6 vol-% Hz0) corresponded to about a 3M Hx0
solution. This solution, when AN was used as solvent, decreased by
about 10% in potential, while there was very little change in
polarization. N,N-DMF, however, was rnore adversely affected by water.

Since N204 reacted rapidly with KSCN in either solvent, the cholce
of electrolyte for the NzHs half cell is narrowed to Mg(ClO4)2

Some difficulty was recently encountered in the anodic oxidation of
1M NgHs solution in either AN- or DMFP-containing Mg(ClO4)2.

Although the potentials of the half cells are as determined earlier,
the current carrying capacities in recent experiments have been
very low.
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VIIL. APPENDIXES

AQUEOUS SYSTEMS

Thermodynamic Sample Calculations

a. Free Energy of Formation of Liquid Hydrazine

AFS ., = AF: i.e., vapor pressure of hydrazine
f 1liq f gas at 14.35 mm at 208°K = 14.35 mm
o . 760 mm 760
AF pas 1 atm -~ 2Ff gas 14.35 im = S8 L 5;Trrﬁns 14,35
760
AH = TAS + dep
14.35
760 760 760
so, AF =\(Vdp = RTln 735 = 2.35 Kcal/mole
14.35 14.35 )
AFf gas 1 atm = 37.89, so AFf lig - Zst gas 14.35 mm -
37.89-2.35 = 35.54 Kcal /mole

b. Heat of Formation from Heat of Combustion

Monomethylhydrazine

CHsNHNH, + 5/2 0 —— Nz + 3H20 + COg

3Ho0 —» 3Hp + 3/2 Oz

COs —» C + 0Op
Overall

N2 + 3Hz + C

CHsNHNH2

[e] o

B £ 1iq + latent heat

' gas

117

AHR = -311.711.Kcal
AHR = 204.948 Kcal
AHR = 94.060 Kcal

.703 K cal/mole
12,703 + 9.648 = 21.351 Kcal



c¢. Free Energy of Formation of Gaseous Monomethylhydrazine at 1
atm and 298" K

AE} = ZBHf - TAS
C + 3Ho + Np —— CH3NHNH>

Entropy change = AS = 66.61 - 1.36-93.62-45.76 =-74.13 gal /deg mole

@98)(-74.13)
1000 -

AFp gag = AHp - TAS = 21.351 - = 43 441 Kecal/mole

d. Full-Cell Voltage

ONpHs —> 2Nz + 8H' + 8e~
NoO. + 8HT + 8e~—» No + 4H20
Overall reaction involves 8e~
ONoHs + NoOg ——» 3N + 4Hz0
Mol wt = 2(32) + 92 = 156 grams
Reaction AF: 2(35.54) + 23.491 = 3(0) + 4(-56.69) —aF cell

AF cell =-226,76-23.490-71.08 = -321.3%3% Kcal =-1,334,766
Jjoules

-1,3%34,766 joules = -nFE, n = 8, so E = 1,234,766 _ 1.74volts

~ 8x96, 500

Kcal watt-hr
AR = 321.3%3% 156 = 2.06 &2l - 1086.5 ——S=———r
per gram // o 15

e. ZSH£§63, 5363, [&Ff365 of Dinitrogen Tetroxide

Specific Heat of Dinitrogen Tetroxide

Cp, cal/deg/mole T°, K
15.72 300, -
16.60 250
17 .39 400

These data are assumed fitted by C. = a + bT + cT?

p

1183




so, .
15.72 a+ 500b + 9 x 10°¢c
16.60

17.39 = a + 400b + 16 x 10°c

a + 350b + 12.25 x 10%c

Solving for a, b, and ¢ gives:

C. = 8.55 + 2.9%3 x 10-37-0.18 x 10-%T2

b
363
(Hzg3-Hogg) = CpdT = 8.55T + 2é93 X 102'r2;9*%§x 10T
N2Os  Jogg
= 1,054 cal/mole = 1.054 Kcal/mole
2 x(H363—H298)02 = 0.921 Kecal
Therefore,
AHf)%B— AHf)298 = Sn(Hygz-Hygg) = -0.321 Keal
so,
ASHf = 2,309-0.3%21 = 1.988 Kcal/mol
363
363
Sp = Spgg + E%EE = 72.73 + [%.BSInT +2.93 x 1072p- 228 4
298 _4 ]T
107 T#
298

16.0877 + 8.551nT + 2.93 x 10" T-0.09 x 10~ 7%

363

298



363
Fyz-Fagg = - | SAT = - [16.0877T + 8.55 {rmT-T} + 1.465 x 107°T° -
298
363
0.3 x 104Tﬂ = -4.830 Keal
2908

AFf)363 = AFf)298 + (F363_F298)N204 - (F363-F298)N2+202 = 28.146

f. iInternal Consistency: Sample Calculation for H0 at 90°C

(1) Between Products and Reactants

AFf

il

AS =

£ SHLO gas - 1/2802-8H2 = -11.005 cal/deg/mole

-11.005 x 363.16

since 90°C = 3%63.16°K TAS = 1000 - = -3,996 kcal/mole

AT&-= -57.929
- AFp = 53.933
-QAFp = -%.996 check of TAS

SO AHf

(2) Between Gas and Liquid Phase

Fliqg-Fgas = 2Fp 11q~ 2Fr gas 2oF = -.263 Keal/mole
likewise
TAS = AH-AF = -9.552
AS = -26,296 cal/deg/mole
Tas = -26.296 x 363.16 = -9.550 Kcal/mole

1000
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g. Calculation of Free Energy Loss Due to Solution of N-H, in H50

(1) Calculation of Activity Coefficients

Assumption: vapor phases behave ideally
Equations:

Py = YaXaPa (1)

lny, = Ca , Iny, = Cp (2)

CaXa |2z Z

a‘a Cox

|EL+ l+a’b
Caxb Caxa

These are the Van Laar equations. (ref. 33)

Tlny = constant (3)

This is the Gilliland equation (ref. 33)

Symbols: p = partlial pressure
P = vapor pressure of the pure liquid
v = activity coefficient
X = mole fraction in the 1liquid
T = absolute temperature
C = constant
a = NoHg
b = H20

The activity coefficienfs are easily obtained from azeotropic data.
Knowledge of these coefficients then permits calculation of the
constants in the Van Laar equations.

Calculation:
At 560 mm and 111°C the azeotrope is XN Hy = ¥a T 0.55
Pa = 720 mm
Pb = 111 mm
— 0.55 X 560 — O 8
Ya 0.55 x 720 7
60
Yy = = 0.505
1111
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Substituting in the Van La
C

ar equation

a

in 0.78 = 177771,

C

22 Ca/Cpl-

In 0.505 = 1 + 0

Solving the equation: Ca

%y

85 wt-% hydrazine hydrate

a. 2
.85 Cp/Cal

-2.94

-1.36

is 54.5 Wt—% N2H4

XN2H4 . _fi _ 54,5 N 18 _
XH,0 Xy, 30 44,5

T -2.94 .

DY, = 11+ (2)(0.69)] s

-1.36

nyy =71 + (0.5)

at 90°C = 363°K =

Tny _ 284

So, at 90°C:

90° = 363 MMi11°c

(1.45)12 Yo

T

v, = 0.577

Yb = 0.617

Py = 330 mm
122

0.69

0.595 at
Xa = 0.69 at 111°C
0.633 at

Xy = 0.45 at 111°C

[see equation (3)]




Then: 1l - x

e
sy}
il

0.69

0.577 —-——i> 230 = 78 mm
1.69
1

Py 0.617 <éf%%§> 526 = 192 mm

(2) Calculation of Free Energy Loss

This information can now be used to calculate the free energy
difference between pure hydrazine liquid at 90°C and 330 mm,
and the 85% hydrate at 90°C and PN, H, = 78 mm.

78
F - F - vdp = RT 1n 18 (4)
78mm 530mm 330

1.987 x 363 x (-1.442)

330

= -1,040 cal =-1.04 Kcal

This free energy loss represents loss in electrical potential.

% decrease = 1.0% x 100 _ 0.77%

135.5

Calculation of Free Energy loss Due to Dissociation of N-O4

N204: 2N02

AF = UNo, = HN,0,4

where p is free energy per mole

= ° + RTInP
"N204 LLN204 N20g
o

Iet x = fraction of one mole of N0, that dissociates.

moles No0g4
moles NO,
total moles

2X
1 + x

o

Assume total pressure = 1 atmosphere

1 - x
1l + x

PNo0, =



2X
PNo, = T+ %
2 2
Keq = iiﬁggl__ _ X = 8.9 (from Figure 1)
PN204 1 - Xz
12.9x% = 8.9
x = 0.831
1l - x
PN204 =1 T x = 00,0923 atm
— 2 _
PN02 = T +XX = 0.9077 atm

~-AF° = RT1nK, (1.9872)(363)(1n8.9) = 1577 cal/mole

tm
What is free energy change for:

1 mole NpO4—»2x moles NOp + (1-x) moles Nz04 at 90°C.

AF = (1—x)uN204 + 2XMN02 - UN.0.
AT

xAF® + 2xRTInPyg, + (1-x)RT1nPN204
0.831(-1577) + (1.662)(1.9872)(363)(-0.097) +
(0.169)(1.9872) (363) (-2.39)

-13%310 - 116 - 291 |

-1717 cal/mole = -1.717 Kcal/mole at 90°C

I

1.72 x 100
135.5

% decrease in voltage = = 1.27%

i. I®R lLoss Necessary to Sustain Cell Temperature

Consider the electrochemical reaction:

N2H41iq + N204gas ——» Nz + 2NO + 2H2Ogas




Conditions: 90°C, 1 atm.

AH = -86.92 Kcal per 4 equivalents
AF

-135.61 Kcal per 4 equivalents
-TAS = -48.69 Kcal per 4 equivalents = 36% of AF

-12.17° Kcal/per equivalent

If -TAS = I®R, what is R/cm2 °

0.1 coulomb

Assume I = 0.1 amp/cm? =

sec-cm2
0.1 coulomb\ /1 12.17 Kcal (4,186 watt sec
sec-cm2 90,500 coulomb Kcal
tt
= 0.0528 =2
cm
0.0528 = I2R 1%=0.01
8 ohm
R=5.28 =

J. Voltage Decrease and Heat Generated Due to Spontaneous
Decomposition of Hydrazine at Catalyst Surface

Equation:

N2H4'“—-)' N2 + 2H»s

AHdecomp==-12'278 Kcal _ -2.07 Kecal (exotherm)

4 equivalents equivalent
The subsequent reaction is:

2Hs + N204—> 2NO + 2H-0 at 9000 and 1 atm

gas
AFy,0. = 2(-53.933) SHz0 = 2(46.767)
AFNo = 2(20.527) Syo = 2(51.747)
-8y, =-2(32.57)
-0FN,0,= - 28.146 -SN,0, = =75.935
'AF = - 94,958 fczi. = -nFE TAS = ((,55.%(5)gé363.16) L
125 ' 20.319 %9%%.




The net endothermic heat effect/4 eq. = Ta S + aH

E = 1.03 volts
20.319 - 12.278

= 8.041 Kcal/k eq.
TAS + AHdecomp

AR = 8.467%
0.1 coulomb 1 equiv. x 8.04) Kecal , 4,186 watt sec _q2g
sec cm< 96,500 coulomb 4 equiv. . Kcal
0.00871 = I°R
R =0.871 ohms/cm?
1.47 - 1.03
% Decrease in voltage = 157 x 100 = 29.9%
2. Electrode Preparation

a. Electrochemically Plated Catalysts

The electrodes were solid 1/8-inch cylinders of the various
base metals, tightly wrapped with Teflon tape. The bottom
part was bared to expose a total area of 1 cm®, which was
plated according to the following procedures.

(1) Platinum
(a) On Carbon

Plate for 2 minutes at 30 ma/cm2 with 3% chloroplatinic
acid solution containing 0.3% lead acetate.

(b) On Stainless Steel (SS)

Pt/SS electrodes are now produced by first plating for

I minutes at 5 ma/cm2 with Rhodex plating solutlon, and
then for 2 minutes at 20 ma/cm® with 3% chloroplatinic

acid solution.

(c) On Nickel
Plate for 4 minutes at 5 ma/cm® with Rhodex plating
solution, then plate for 2 minutes at 20 ma/cm? with
the 3% chloroplatinic acid solution.

(2) Gold

(a) On Carbon

Plate for 2 minutes at 20 ma/cm® with the 3% gold chlorlide
plating solution (HAuCls:3H20). S
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(b) On Stainless Steel and Nickel

Plate for 4 minutes at 5 ma/cm® with Rhodex plating
solution, and then for 2 minutes at 20 ma/cm® with
3% gold chloride solution.

(3) Rhodium

For all substrates plate for 4 minutes at 5 ma/cm2 with
Rhodex plating solution, and then for 2 minutes at 20
ma/cm2 with the 0.1M rhodium plating solution.

b. Chemically Precipitated Catalyst Electrodes

Porous FC-14 carbon cubes 1/2 cm on an edge were used as the
substrate upon which the catalyst was plated. The particular
salts of the catalyst or catalyst combination were dissolved
in distilled water at specific concentration as outlined

in the following procedure:

1. The carbon cubes (uncatalyzed) were washed with dis-
tilled water and placed under reduced pressure in a vacuum
oven at 80°C to dry.

2. Immediately the cubes were weighed on a precision
analytical balance in the dry state.

3. The cubes were then impregnated with distilled water,
under reduced pressure and a lot of 25 were weighed.

4, The number of ml of Hy0 taken up by the cubes ds
calculated and from this value the catalyst-salt solution is
prepared in such concentrations as to leave the required
weight of catalyst black in the carbon cube. In some cases
when salts have a limited solubility, two or more separate
impregnations and reductions must be made.

5. The impregnated electrode was dropped in a 1% NaBH,
solution, which rapidly reduced them to the metal.

6. The reduced electrode was dried at 80°C in a vacuum
to remove water, and reduce any nonreduced catalyst. When
dry the electrode was weighed to find the increase in weight
due to catalyst. The per cent catalyst was then calculated.

The carbon cubes had a fine hole drilled in by the Pure

Carbon Company, of the.-right size to make a force fit to a
platinum wire which was used as° the electrical contact lead,

127



¢c. Porous Teflon Vapor Electrodes Preparation

Figure A-1 shows the best method of construction found to date
for the Teflon vapor electrode.

Item Description

1. Tantalum holder chosen for compatibility with reactants
and electrolytes which are expected to be used.

2., Teflon gasket 1 mil thick treated with sodium in liquid
NHs; to make it easily adhered to for reduction of side
leakage.

3. Electrolytically perforated 316 stainless steel plate
4 mils thick containing 65% open area, used to retain
catalyst before impregnation, and as current collector
for catalyst when in use.

4, Catalyst powder plus 10% Teflon powder for binding
purposes.

5. Porous Teflon membrane.
Coarse mesh tantalum screen used to impart mechanical
stability and to prevent the porous Teflon from
sticking to the stainless steel block used for applying
pressure.

7. Stainless steel block for pressure application.

Components 1, 2 and 3 are preformed at 10,000 psi pressure,
using a stainless steel block with a raised die the same

diameter as the exposed electrode surface. This forms a special

pocket for catalyst to be contained. The catalyst is then
evenly spread into this pocket, and components 5, 6 and 7 are
put into place. A clean platinum plate is used in the press
at the catalyst-stainless steel side of the electrode.

The assembly is then pressed at a specific pressure and
temperature for a specific time.

Experimental Apparatus

a. Half Cells

Three designs of half cell: A, B, and C, were used for the
polarization studies. Type A was a general purpose cell
(Figure A-2) for soluble or liquid reactants. Type B was a
gas cell (Figure A-3) used when porous flow-through electrodes
are desirable or required. Type ¢ was used for porous Teflon
vapor diffusion electrodes.




Tantalum
Die Raised

Coarse
Tantalum
Screen

Porous Teflon

Disc
\
\
\ v
‘\
 \ Assembled Electrode
Catalyst Y Without Holder
Powder \\
.o W
. VSB FKHATTACA
Perforated: //
SS Plate ;

Teflon Gasket

Tantalum
Assembly
Holder

Figure A-1. Exploded View of Porous Teflon Vapor Diffusion Electrode
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Figure A-2. H-Cell for Short Term Polarization Studies
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(1) Type A

Type A was a Pyrex H-cell with Teflon stoppers supporting
the dummy electrode, D, the working electrode, E, and the
Luggin capillary, L. A reference electrode (C) was
immersed in the well above the ILuggin capillary. A glass
frit (F) prevented gross mixing between the anode and
cathode compartments. Provisions (B) were made to stir
and purge the system. The working electrode was a cylinder
of the base material insulated with a tightly wrapped
Teflon tape for most of its length. Both ends were bare;
the top for making the electrical connection, the bottom
for supporting the catalyst. The cells were immersed in
a thermostatically controlled water bath. The cell was
also used for tests with precipitated electrode catalyst.

(2) Type B

Type B cell consisted of a Teflon holder for the porous
electrode, a Luggin capillary, L, and a dummy electrode, D.
One side of the electrode faced the electrolyte; the
other side was exposed to the gas stream (Figure Al3),

The excess gas and the gaseous reaction products are ex-
hausted through the gas outlet. The static pressure on
the electrode gas side can be adjusted by a bypass valve
(not shown). It is possible, then, to establish a

balanced operation without flooding the electrode or
bubbling the gas through 1it.

Figure A-4 shows the construction details of the
electrode holder.

(3) Type C

Figure A-5 shows system used for testing of half-cell

porous Teflon vapor electrodes. It features separate

glass compartments for fuel or oxidant in the pure state,
and for the electrolyte used. Between the two compartments,
and connecting them is the tantalum holder into which 1is
built the Teflon vapor electrode. A Kordesch-Marko

bridge is always used with this particular system due to
distance of ILuggin from the test electrode.

b. Testing Apparatus

Three types of testing apparatus were used for half cell
measurements, all manually operated.
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Figure A-4. All-Teflon Gas Cell Electrode Holder
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(1) Manual Apparatus

Figure A-6 is a schematic drawing of the manually operated
device employed in half cell studies. The apparatus
consisted of two five-decade resistance boxes and the
relative switching circuits. The current through each of
the two cells can be varied independently and accurately
measured by a precision milliammeter. The potential

vs the reference cells are measured with high resistance
electrometers. '

(2) Constant Current Programable Power Supply

The second method for half cell polarization tests was a
Harrison Laboratories Model 6200A constant current power
supply. It can deliver, over time ranges, up to 1.5
amperes with less than 0.5 ma ac ripple. It has a voltage
output maximum of 40 volts up to 750 ma, and 20 volts on
the 1.5-ampere ranges. 1In addition the instrument can be
programed at the supply output with a 10-turn precision
resistor, thus gaining very fine control of current in
manual polarization tests.

(3) Kordesch-Marko (K-M) Bridge

Two of these instruments were built for use in polariza-
tion studies where IR drop might not be able to be easily
eliminated by Luggin capillaries. The circuilt diagram of
the bridge in use in our laboratory is shown in Figure A-7.
It is essentially a simplified version of the original
bridge as reported in the Journal of Electrochemical
Society by its developers (ref. 20).

4. Analytical Apparatus

There are three main features to the cell design and manifold
system pictured in Figures A-8 and A-9. These are:

(1) Take-off for gas volume measurements.

(2) Take-off for gas sample collection, or direct connection
to VPC.

(3) Take-off for liquid samples.

The main problem associated with these functions is maintaining an
air-tight system. Volume 1s measured by collecting gas from the gas
outlet tube, with the manifold set so that stopcock 1 diverts the
gas to a volume measurement apparatus consisting of a graduated

gas collection buret with water as the atmospheric balance. When

a gas sample 1is to be collected, the gas inlet system sweeps

I.;.I
il
I
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helium at such a rate as to leave 10 to 50% of the product gas

in the collection buret. The manifold is then set to allow gas

to fill the gas sample tube. Liduid samples are obtained with a
syringe through the rubber plug on the capillary tubing. At all
times a slight positive pressure is kept on the cell, either by a
helium sweep or with water pressure when volume measurements are
being made. The manifold system also allows flushing of the cell
and manifold system before starting test, and direct flushing of
just the manifold system or individual gas sample tubes at '
any time without involving the cell. Also the VPC can be directly
connected to the gas outlet on the manifold for continual monitoring
of the gas produced.

The tops of the liquid sample capillary, the electrode, the calomel,
and the Luggin capillary are sealed with pressure-sensitive

Teflon tape. No air leaks have been detected, even with NO gas
evolution, which would react to turn brown with oxygen. The dummy
or counterelectrode is vented to the atmosphere to prevent pressure
buildups from forcing material from the dummy to the test
compartments. Some diffusion occurs in spite of this, and the
dummy compartment solution is analyzed along with the test
compartment solution.

The electrochemical features of the cell otherwise are the same
as the H cell described in Figure A-2.
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B. ANHYDROUS HYDROGEN FLUORIDE SYSTEMS

1. Preparation of Solid Platinum Electrodes for Use in Fluoride
Solutions

Rectangular electrodes, 0.5 cm by 1.0 cm, were cut from 0.005-cm
thick platinum foil. A lead wire of 0.05-cm diameter platinum was
spot welded to the foil. The foil was degreased in ethylene tri-
chloride vapor and immersed in hot aqua regia until the surface had
an etched appearance. After washing in distilled water, the foil
was electroplated in one of the following solutions at 20 ma/cm?2 for
2 minutes for each side:

Catalyst Plating Solution

Platinum 3% HpPtClg-6H20 with 0.03% Pb(OAc) o 3H50
Gold 3% HAuCl,*3H50

Rhodium 3% RhClsz.xHo0 (40% Rh)

Ruthenium 7% RuCls*5H20 (L41% Ru)

Iridium % IrCl, (48.3% Ir)

2. Preparation of Hydrazine Dihydrogen Fluoride

Anhydrous hydrazine (AH) reacted explosively with liquid anhydrous
hydrogen fluoride (AHF) on direct mixing between -78 and 0°C. For
this reason, the hydrazine dihydrogen fluoride (HDHF) salt, NoH,'2HF,
was prepared for solution in AHF.

HDHF was synthesized by slowly mixing stoichiometric quantities of
the aqueous reactants at 0°C. Excess water was removed by vacuum
pumping, and the solid was dried over concentrated sulfuric acid in
a vacuum desiccator for three days. The solubility of HDHF in AHF
was 2.09 molar at 0°C and 3.13 molar between 15 and 20°C. Iong,
needle-like crystals precipitated from the latter solution when it
was cooled to 0°C. The HDHF salt dissolved smoothly in both AHF
and in molten KF:3HF for anodic polarization studies.

5. Chlorine Trifluoride Solutions in Anhydrous Hydrogen Fluoride

Solutions of CTF in AHF were prepared by direct mixing of the
condensed liquids. The components were miscible in all proportions.
CTF and AHF form an azeotropic mixture at about 65 mole-% AHF.

(ref. 24). A 69% mole-% mixture of AHF in CTF had a vapor pressure
of 645 mm Hg at 0°C.

Literature conductivity values are listed in Table 26 for the above

system. These values compare very favorably with conductivities
determined in our laboratory on an unrelated project.
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The purity of the CTF was checked by comparing its vapor pressure
to the theoretical value. The agreement was good.

Liquid hydrogen fluoride was used directly from commercial cylinders.
CTF solutions in AHF are only slightly ionized (HC1F, = Ht + C1lF.™),
so salts such as sodium fluoride and potassium fluoride must be
added to increase the conductivity. Solubilities of fluoride salts
in AHF, given by Fredenhagen and Candenbach (ref. 25) and Jacke (ref.
26) are given in Table 33.

Table 33
SOLUBILITIES IN LIQUID HYDROGEN FLUORIDE

Solubility Temperature
Salt g salt/100 g HF °C Reference
LiF 10.%3 12.2 26
10.31 -2.5
10.30 -23.0
NaF 30.1 11.0 26
25.1 -9.8
22.1 -24.3
KF 38 0 25
HgoF> 0.877 11.8 26
0.811 -4.5
0.789 -22.5

4., Constant Current Polarization Sequence

The polarization sequence was (1) to record the open-circuit potential
of the working electrode vs the Pb-PbF, reference, (2) to polarize

for two minutes (either anodically or cathodically) and to

record the polarized potential, (3) to allow the cell to remain on
open-circuit for one minute, and (4) then proceed with the next

polarization at twice the current density of the previous polarization.

This schedule was repeated until a polarization in excess of 0.5 volt
from the original open-circuit potential occurred.

5. Reference Electrodes in Anhydrous Hydrogen Fluoride

When conducting electrode polarizing experiments by the half cell
method, a stable and reproducible unpolarized electrode is required
as a reference potential plateau. Koeber and DeVries (ref. 27) have
demonstrated the silver, cadmium, and lead fluoride systems in
anhydrous hydrogen fluoride (AHF). These electrodes, prepared by
anodizing each of the metals in AHF, were used as references as was
the hydrogen electrode.
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a. Silver-Silver Fluoride Reference Electrode

A silver-silver fluoride reference electrode was prepared by
anodizing a clean silver wire in a solution of 0.5M NaF in AHF

at a current density of 12 ma/em2 for 5 minutes. Diffusion of
oxidizing or reducing materials into the reference electrode
compartment was minimized by enclosing the electrode in a Teflon tube
wilth a 0.0l1-inch hole for solution contact with the working
electrode. Two electrodes prepared by this procedure had potentials
within 5 mv of each other. After momentary cathodic or anodic
polarization at 0.1 ma/cm2, the electrodes returned to their

original open-circuit potentials.

b. Cadmium-Cadmium Fluoride Reference Electrode

Cadmium-cadmium fluoride reference electrodes were prepared by a
similar anodizing procedure, starting with the clean stick of
cadmium metal. Since cadmium is the more active metal, it is
preferred to silver as a reference electrode. Unlike silver ion,
traces of cadmium ion that might diffuse to a hydrazine electrode
would not be reduced and the electrode surface would be altered.
Potentials of the above electrodegs, compared with that of a
hydrogen electrode in AHF are given in Table 34.

Table 34
POTENTIALS OF REFERENCE ELECTRODES IN ANHYDROUS
HYDROGEN FLUORIDE 0.5 M IN NaF AT 3°C

Potential, Volts

Electrode Assigned Experimental
Hydrogen at Rhodinized
Platinum .00 -
Cd/CdF» - -0.50
Ag/AgF - +0.05

¢. Lead-Lead HFluoride Reference Electrode

In molten KF-:3HF mixtures, the Pb-PbF, electrode was used as a
working reference. In this case a length of pure lead wire

was anodized at 12 ma/cm® for 5 minutes. After both anodic and
cathodic polarization at 0.1 ma/cm®, the potential of the fluorinated
lead electrode returned to the same open-circuit value. The
potential of the lead-lead fluoride electrode was measured against
that of the hydrogen-rhodium-palladium electrode (see Table 35),

and polarization data in the KF-:3HF melt were reported with reference
to the hydrogen electrode. Iead is an active metal in the AHF-KF
melts and, like cadmium, will not be reduced at the hydrogen
electrode potential.
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Table 35

POTENTIALS OF REFERENCE ELECTRODES IN MOLTEN KF-3HF AT 85°C

Potential, Volts

Electrode Assigned Experimental

Hydrogen at Rhodinized Platinum 0.00 -
Pb/PbFs 2%, HF - -0.32
Ag/AgF - -0.02

d., Hydrogen Reference Electrode

Tt is well known that palladium absorbs hydrogen until a
gaturation ratio of 0.69 atoms of hydrogen per atom of palladium
is reached. At this concentration, the "gas-charged alloy"

has the same potential as the platinized platinum electrode
(ref. 28).

Two palladium electrodes were made by spot welding 0.001l-1inch
palladium foil on platinum wire and mounting in a Teflon holder.

The potential of the hydrogen electrode in AHF solution in the
AHF-KF melt was established by cathodically polarizing a palladium
electrode at 5 ma/cm2 for one hour and until the open-circult
potential of the electrode became steady. This steady hydrogen
potential was recorded against a silver-silver fluoride and a
cadmium-cadmium fluoride electrode. The metal reference electrodes
were more convenient than the hydrogen electrode for polarization
experiments, but polarization results are reported with reference
to the hydrogen electrode in the AHF solution being investigated.
Reference electrodes were separated from current-carrying
electrodes by a porous Teflon disk with a 0.0l-inch hole as shown
in Figure 25.
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>. Palladium Membrane Electrodes in Anhydrous Hydrogen Fluoride

Solid palladium is an interesting electrode material for use as a
potential reference or for the anodic oxidation of hydrogen gas or
materials that can be reformed into hydrogen, such as hydrazine. The
palladium serves the dual role of a conducting electrode and a solid
separator between the fuel and oxidant compartments. The use of
palladium as a hydrogen electrode has been reported by Hoare and
Schuldiner (ref. 29), and a palladium-hydrogen anode in aqueous
solution has been described by Oswin and Chodosh (ref. 30).

A 0.00l1-inch thick palladium foil was electroplated with rhodium on
both sides and mounted in a Teflon holder. The assembly was immersed
in liquid AHF at 3°C and hydrogen gas was purged through the electrode
gas compartment as shown in Figure A-10. The potential of the
palladium electrode as a function of purging time is shown in Figure
A-11., The potential dropped suddenly during the first minute's purging
to a plateau. After an hour's purging, the potential decreased to
0.50 volt positive to the lead-lead fluoride electrode. This behavior
is similar to that reported by Flanagan and Lewis (ref. 31). The
initial potential plateau corregponds to a partial hydrogen saturation
and the formation of an "alpha" palladium-hydrogen phase. After
complete saturation the electrode assumes the same potential as the
hydrogen-platinized platinum electrode (ref. 32). The hydrogen-
palladium electrode is of interest in AHF solutions both as an anode
candidate and as a reference electrode for assigning potentials to
other electrode systems.

The anodic and cathodic polarizations of the hydrogen-saturated
palladium electrode in AHF at 3°C are shown in Figure A-12. An
anodic current of about 10 ma/cm2 could be carried with 0.5 volt
polarization, while cathodic currents up to 50 ma/cm? could be
carried with very little polarization. The limiting anodic current
was low at 3°C, but subsequent work will be concerned with improving
the palladium membrane as a fuel cell component.

C. NEW TECHNOLOGY

The reportable items considered to have been developed during the
term of the contract are as follows:

1. Method of fuel cell construction and operation using a porous
Teflon electrode by which transmission of feedstocks to the catalytic
electrode surface is limited to vapor phase. This development is
described in the present Final Report. It is considered an invention:
a patent disclosure has been submitted and a patent application is
being prepared.

2. Method of heat transfer in which heat energy is absorbed from
a low temperature (50-100°C) source by a Tuel cell which operates
with an endothermic electrochemical reaction, such as the electrochemical
reaction of hydrazine with nitric acid or with dinitrogen tetroxide,
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Figure A-10. Half Cell for Evaluating the
Hydrogen-Palladium Anode 1n
Anhydrous Hydrogen Fluorilde
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ind sending the electrical output of the cell through a resistor which
radiates heat energy at a high temperature into a heat sink.

The method is applicable to cooling a space capsule, with the heat
exhausted into space. This concept and the thermodynamics of operation
of the cell are described in the present report. The method is con-
sidered inventive at the present time, and a patent disclosure has

been submitted. ‘

3, Method of fuel cell operation in which the oxidant is chlorine

trifluoride. The present report describes the experimental work done
to date on this concept. It 1s considered an invention at present.

Monsanto Research Corporation will file a petition for waiver on the
above-identified inventions in due course. )
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